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INTRODUCTION 
 
 
1.1 The folding problem:  
Protein folding is the process whereby the amino acid sequence 
(sometimes refers to as primary structure of proteins) is converted to a folded 
form, which exerts its biological function. The recent decades in the field of 
protein folding has been focused towards only a handful of model proteins 
and protein families comprising different sequences but same fold and 
function. Genome projects are pouring a substantial amount of new proteins 
in the databases on a daily basis and these new proteins are making a 
challenge to the current paradigm of studies done so far. One example is the 
knot proteins. Diversity of proteins found naturally and artificially evolved 
are itself making the protein-folding field an evergreen one.  
Seminal discovery of Anfinsen on folding of ribonuclease 
demonstrated that primary structure of a protein encodes required 
information for a nascent polypeptide to fold into its native, physiologically 
active, three dimensional conformation (Anfinsen, et al. 1961). Generally 
small domain proteins are able to unfold upon addition of urea or other 
denaturants and can refold back upon removing the denaturants. The 
spontaneity of the reaction proves the concept that the native state is the most 
stable one corresponding to lowest free energy (Pace 1990).  
After these discoveries the major question tackled was the time scale of the 
folding of a protein. Levinthal, taking the example of a 100 amino acid 
hypothetical peptide, showed that random search of all conformational states 
would take a very long time (10
83
 years), while practically the proteins fold in 
nanoseconds to seconds range (Levinthal, 1968; Levinthal 1969). “The 
Levinthal Paradox” put a type of foundation stone for the ‘Protein Folding 
problem’. 
From an experimental point of view, many  proteins have been 
considered a model system to study the protein folding e.g. Barnase, RNase 
H, Chymotrypsin Inhibitor, PDZ domains, cytochrome C proteins (Fersht, 
2008; Gianni et al, 2003; Brunori et. al. 2012; Travaglini et. al, 2009). Later 
on this study was focused mainly on protein families e.g. S6 family proteins 
(Lindberg and Oliveberg, 2007) and Ankyrin protein family (Ferreiro et. al, 
2005) 
While earlier studies focused on different proteins sharing the same 
fold (e.g. protein families), the recent availability of proteins with astonishing 
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hingh sequence identity (up to 98%), but different fold, provided for the first 
time the opportunity to study the folding process with a new and 
complimentary perspective.  Ga88 and Gb88 are the most striking examples 
of heteromorphic proteins allowing to study the folding mechanism in a 
complimentary perspective (Morrone et. al, 2011). These two artificially 
evolved proteins (Alexander et. al., 2008) share a very high sequence identity 
i.e. 88%, while retaining different fold and function. Moreover, it has been 
shown that Ga88 and Gb88 have different folding mechanisms also starting 
from different denatured states. This work has prompted us to carry out a 
detailed folding study at molecular level, which I shall present and discuss in 
this thesis. 
Another part of study was focused on Intrinsically Disordered 
Proteins (IDPs). These proteins are unfolded in physiological conditions and 
most of them are able to fold only upon binding their targets, IDPs represent 
therefore a very interesting system to study. In particular, the last part of the 
thesis will be focused on the study of the coupled folding and binding 
mechanisms of Intrinsically disordered protein transactivation domain of 
cMyb with its interacting partner KIX. 
 
 
1.2 In-vitro folding studies: 
 
1.2.1 The Role of equilibrium studies: 
 Equilibrium studies provide information about the folding process in 
terms of stability and co-operativity. The stability of folded proteins can be 
expressed as a linear function of the denaturant concentration (see inset panel 
of Fig. 1.1) (Tanford 1968). Consequently, in order to obtain the 
thermodynamic stability of a protein, expressed by the change in free energy 
between the native (N) and the denatured (D) state (!GD-N), the linear 
extrapolation method is routinely used. In these studies, the protein is 
unfolded with a chemical denaturant and a spectroscopic signal, generally 
fluorescence or circular dichroism, is recorded as a function of denaturant 
concentration. Following this approach, curves with sigmoidal shape are 
typically obtained (Figure 1.1). By applying simplified assumptions on the 
effect of a denaturant (Myers, et al. 1995), protein stability is estimated in the 
absence of denaturant (Pace 1986). 
Moreover, this analysis allows to obtain a parameter, called mD-N 
value, which describes the co-operativity of the process. The mD-N value is the 
slope of the variation of the !GD-N with denaturant concentration. On a 
purely empirical basis this value is correlated with the number of residues 
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and the surface area exposed to solvent during unfolding (Tanford 1968). mD-
N value is a constant and is expressed in kcal mol
-1
 M
-1
. 
 
 
 
Figure 1.1. Equilibrium unfolding of the second PDZ domain from PTP-BL 
(PDZ2) monitored by fluorescence (Gianni, et al. 2005). Inset Panel: Linear 
free energy extrapolation. A quantitative analysis of the observed 
spectroscopic signal as a function of denaturant allows to estimate the 
stability of the protein in the absence of denaturant and to calculate the mD-N 
value, which describes the co-operativity of the process. 
 
 
1.2.2 The role of kinetics:  
Folding studies of proteins are done by considering the unfolded state, 
as a primary reactant and the folded one as a final product, like a chemical 
reaction. The kinetic approach provides detailed information about the 
folding pathway of a protein and the reaction dynamics. Kinetic studies are 
based on rapid perturbations of the equilibrium conditions that change the 
energetics of the system. The perturbation induces a relaxation process to a 
new equilibrium estimating the relaxation rate of the reaction.  
Small domain fast-folding proteins often exhibit two-state folding behavior 
(Jackson and Fersht 1991). Due to the fast folding of these small proteins, 
stopped-flow mixing devices with dead times in the millisecond range are 
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usually required, and the folding reaction is monitored by following the 
change in circular dichroism or Trp fluorescence signal. Folding and 
unfolding rate constants at a variety of denaturant concentrations are 
determined by fitting the folding and unfolding curves to exponential 
equations. In the case of two-state folding, only a single exponential folding 
phase is observed (Figure 1.2), whereas multi-state systems may lead 
complex kinetics. 
 
 
 
Figure 1.2. Stopped-flow time courses of the engineered protein GA88. 
Unfolding (left panels) and refolding (right panels) reactions were monitored 
by the change in tryptophan fluorescence at pH 7.2 and 10 °C. The excitation 
wavelength was 280 nm and the fluorescence emission was measured using a 
320 nm cut-off glass filter. The unfolding transition was initiated by a jump 
from urea 0 to 7.27 M; the refolding transition was initiated by a jump from 
urea 7 to 1.10 M. Both the curves are described by a single-exponential 
function. 
 
 
If a protein folds following a two-state model (scheme 1.1), only the 
denatured and the native states are significantly populated (Buchner and 
Kiefhaber, 2005). 
 
                                                                             (Scheme 1.1) 
 
When a perturbation is imposed on the system, the observed rate constant kobs 
is represented by the following equation: 
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                                                                                     (Eq. 1.1) 
 
where kU and kF represent the unfolding and refolding rate constants 
respectively. In a two-state reaction, the logarithm of the observed 
(un)folding rate constants is linearly dependent on denaturant concentration 
(Jackson and Fersht 1991). Figure 1.3 shows the folding/unfolding rate 
constants expected for a two-state system. Due to the similarity of the goat 
horn ‘chevre’  with these V shaped plots it is called Chevron plot.  From the 
analysis of a chevron plot (a) kF
H2O
 and kU
H2O 
are calculated which represent 
the extrapolated folding and unfolding rate constants in absence of denaturant 
and (b). The parameters mF and mU reflect the denaturant concentration 
dependence and correlate with the change in accessible surface area between 
the two ground states and the transition state in between. 
 
 
 
 
Figure 1.3. Semilogarithmic plot of the observed rate constants as a function 
of denaturant concentration (chevron plot); simulated data set. Dashed lines 
represent the best fit to a two-state model. As described in the text, for a two-
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state system, the observed rate constant is the sum of the folding and 
unfolding microscopic rate constants. 
 
1.3 Dissecting the folding pathway: Transition State Theory 
 
Protein folding can be described as a unimolecular chemical reaction, 
in which the “reactant” (an unfolded protein) is converted to a “product” (the 
folded state). Unimolecular chemical reactions are typically governed by a 
single rate-limiting step, when the system passes through a high free-energy 
barrier called “transition state (TS)”. The presence of two well-defined, 
thermodynamic macro states in a folding reaction implies the existence of an 
energy barrier in between. So two-state folding transitions (Figure 1.4) are 
described by the transition state theory (TST). 
 
 
 
Figure 1.4. Transition State Theory (TST). Schematic illustration of free 
energy profile for a folding reaction. The transition state is located between 
the denatured state D and the native (folded) state N of the protein. The 
folding rate constant is proportional to the exponential of the (negative) 
activation free energy, the free energy difference between the transition state 
and the denatured state D. 
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Transition state theory was first proposed by Eyring in 1935 to explain 
chemical reaction rates (Eyring 1935). Equation 1.2 is used to describe this 
theory: 
 
                                                                      (Eq. 1.2) 
 
where k is the rate constant of the reaction, K is called transmission 
coefficient, Kb is Boltzmann’s constant, h is Plank’s constant, Ea is the 
activation energy for the reaction, R is the universal gas constant and T is the 
absolute temperature respectively. The term (KKbT/h) is a pre-exponential 
factor interpreted as the vibrational frequency, which refers to the maximal 
theoretical reaction rate (! 10
13
 sec
-1
) for simple molecular reactions. 
According to Eyring’s equation the observed folding rate constant, kf, is 
proportional to the free energy of activation (i.e., the free energy difference 
per mole between the denatured and the transition states, !G‡).  
One standard extension of the TST assumes that the reaction progress can be 
described by a reaction coordinate. In essence, an ideal reaction coordinate 
would be any degree of freedom that connects reactant(s) and product(s) 
along the lowest free energy continuous path on the free energy surface of the 
reaction; the highest free energy point along this path is the transition state 
(Figure 1.4). Moreover, while in ordinary chemical reactions, such as bond 
breaking in the gas phase, the TS corresponds to a well defined molecular 
structure. In protein folding the TS is described as ensemble of high free 
energy conformations; it is therefore referred to as the transition state 
ensemble (J. N. Onuchic 1996; J.N. Onuchic 2004). 
 
 
 
1.4 Protein Folding Intermediates 
 
Understanding the role and structure of partially folded intermediates 
is of fundamental mechanistic importance for protein folding studies. Earlier 
work suggested that the folding of small single domain proteins generally 
conforms to an all-or-none behavior (Jackson 1991), involving simultaneous 
formation of secondary and tertiary structure (Itzhaki, et al. 1995). Following 
this view, folding occurs in a two-state fashion, via condensation around a 
marginally stable nucleus, and discrete intermediates tend to be avoided 
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(Fersht 1995). When the inherent stability of folding nuclei is increased, 
however, even very simple protein systems appear to fold in a more complex 
fashion, with population, for example, of a partially folded intermediate, 
which may either transiently accumulate leading to multi-phasic kinetics, or 
be a high energy species en-route to the native state (Gianni, et al. 2003). In 
both cases, the system is represented by a three-state model (scheme 1.2). 
 
                         (Scheme 1.2) 
 
 
The presence of such local minima in the landscape is very difficult to 
address experimentally (Bryngelson, et al. 1995) and intermediates may 
sometimes escape detection. 
 
1.4.1 Identification of Folding Intermediates: The roll-over 
effect 
 
The analysis of chevron plots is a common and powerful tool for 
detecting protein folding intermediates. A deviation from its classical V-
shaped appearance may indicate that the system under analysis is kinetically 
more complex than a simple two-state reaction. This deviation, known as 
roll-over effect, in either folding or unfolding branches of chevron plots, may 
result from different scenarios, including accumulation of intermediates 
(Figure 1.5 a) (Matouschek, et al. 1990; Parker, et al. 1995; Ferguson, et al. 
1999) or changes in the rate-limiting step between two discrete barriers, due 
to a high-energy never accumulating intermediate (Figure 1.5 b) (Oliveberg 
1998; I.E. Sanchez 2003; Gianni, et al. 2009).  
It is sometimes possible to detect the accumulation of low-energy 
intermediates by observing multiphasic kinetics and/or by analyzing 
fluorescence amplitudes (Khorasanizadeh, et al. 1996; Ferguson, et al. 1999; 
Capaldi, et al. 2001; Jemth, et al. 2004). On the other hand, the mechanisms 
involving a change in the rate-limiting step (i.e., involving a high-energy 
intermediate) are more difficult to be detected. They often result kinetically 
equivalent to another event which could be responsible for a roll-over effect: 
a structural change in one single transition state, involving Hammond effects 
on smooth energy barriers (Figure 1.4 c) (Otzen, et al. 1999; Ternstrom, et al. 
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1999). 
 
 
 
 
 
 
 
 
 
Figure 1.5. Schematic free energy diagrams predicted for (a) three-state 
folding involving a low-energy accumulated intermediate; (b) three-state 
folding involving a high-energy never accumulating intermediate; (c) two-
state folding involving a broad energy barrier. Solid black lines and dashed 
gray lines represent schematic energy diagrams for the two different 
scenarios expected at low and high denaturant concentrations, respectively. 
While the mechanisms involving a change in the rate-limiting step (b) or a 
smooth barrier (c) are generally indistinguishable, accumulation of a folding 
intermediate (a) results in double exponential time courses and may be 
addressed using ultrafast mixing/relaxation techniques (Shastry, et al. 1998; 
Capaldi, et al. 2001; Jemth, et al. 2004). 
 
 
A classical roll-over effect is present in the chevron plot reported in 
Figure 1.6. In this example, the observed rate constants follow a two-state 
behavior in the refolding and unfolding arms until 5.5 M guanidine 
concentration, whilst at higher denaturant concentrations, a deviation from 
linearity is detected.  
The roll-over effect can be more or less pronounced depending on the 
difference between the m values of each state. In particular if the intermediate 
state is native like, i.e. highly compact, the roll-over can be described by a 
kink in the refolding branch. However in many cases, the folding 
intermediate can display unfolded-like properties; in such a case, the 
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deviation from linearity is much more difficult to detect and deviation from 
two-state folding may be detected by comparison between the 
thermodynamic parameters obtained by equilibrium and kinetic experiments 
(Matouschek, et al. 1989; Fersht 1999; Gianni, et al. 2003). 
 
 
 
Figure 1.6. Chevron plot of the B1 IgG-binding domain of streptococcal 
protein G (generally called GB1) measured at pH 9.0 and 25 °. It is clearly 
evident that the data do not fit well to a two-state model (dashed line), since 
a deviation from linearity in the unfolding arm is present (roll-over effect).  
 
1.4.2 Alternative explanations for multi-state kinetics 
 
Roll-over effects may result from events other than the presence of a 
high or low-energy intermediate state; thus analysis of chevron plots must 
consider all possibilities. In particular, a deviation from linearity in a chevron 
can result either from changes in the position of the transition state along the 
reaction coordinate or from transient aggregation of the denatured protein. 
Changes in transition state ensembles consist in movements of the 
transition state position along the reaction coordinate as the denaturant 
concentration is increased. As shown in Figure 1.5 c, this instance is 
represented by a two-state model involving a broad energy barrier, assuming 
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the protein to display plastic folding pathways characterized by a malleable 
TS (Ternstrom, et al. 1999; Cellmer, et al. 2007; Lindberg and Oliveberg 
2007;). In other cases, the TS is surprisingly robust and maintains its 
structural features when the system is perturbed, for example by altering 
solvent conditions or by mutagenesis (Jackson and Fersht 1991; Itzhaki, et al. 
1995). In spite of the remarkable conceptual differences invoked by 
mechanisms implying either a malleable or robust TS, it is extremely 
difficult, if not impossible, to unequivocally discriminate between these two 
models (Scott, et al. 2004). This is not surprising, because these two models 
correspond to extreme manifestations of a more complex scenario, whereby 
folding is characterized by a rough energy landscape (Hyeon and Thirumalai 
2003) as detailed in “The Energy Landscape Theory” section . 
Another mechanism underlying complexity is due to the presence of 
transient aggregates i.e. association of two or more non-native protein 
molecules. This event driven by hydrophobic interactions, results in the 
formation of amorphous structures that lack long-range order. Because 
aggregation is sensitive to protein concentration, monitoring the kinetics as a 
function of concentration is a mandatory control to exclude aggregation 
artifacts (Figure 1.7).  
 
 
 
 
 
Figure 1.7. An example of complexity due to aggregation and broad 
activation barrier. GdnHCl dependence of the rate constants for folding and 
unfolding of the spliceosomal protein U1A (Silow and Oliveberg 1997). The 
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deviation from two-state folding observed at low [GdnHCl] (!), found also 
for other proteins, may be mistaken as accumulation of an intermediate. With 
U1A, this deviation was showed to be caused by transient aggregation of the 
denatured protein under refolding conditions (conditions where aggregation 
occurs are marked grey). At low protein concentrations the denatured 
protein remains monomeric during the refolding process while at higher 
protein concentrations the denatured protein aggregates in the dead-time of 
the stopped-flow instrument, giving rise to a retardation of the refolding rate. 
A part from transient aggregation commented above, it is evident the 
presence of a pronounced specular curvature in both the arms of U1A 
chevron plot. Silow and Oliveberg demonstrated that specular curvature is 
due to a broad activation energy barrier separating the native and the 
denatured states. 
 
 
1.5 Experimental strategies for Folding studies 
 
In analogy with classical organic chemistry, the best strategy to 
unravel the mechanism of the folding reactions would be to isolate all the 
intermediate states and characterize the transition states in between. Indeed, 
many advances in protein folding studies have been achieved by isolating 
intermediates and studying their structure. However isolation and 
characterization of folding intermediates is often impossible because they are 
short-lived and at very low concentration (due to cooperativity). Indeed, for 
many single domain proteins, only the fully native and the fully denatured 
states may be populated at equilibrium. In these cases, a key role in protein 
folding studies has been played by the description and the characterization of 
folding transition states. A great contribution is due to A. Fersht and co-
workers (Fersht, et al. 1992) who introduced in the late 1980s the so-called 
" value analysis, contributing to the description of protein folding 
mechanism at nearly atomic resolution.  
 
1.5.1 !"Value analysis 
 
The protein engineering approach, termed " value analysis, was 
developed in the laboratory of Alan Fersht with the purpose of unveiling the 
structure of the protein folding transition states (Fersht, et al. 1992). 
Following this method, the degree of structure formation of individual 
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residues in the transition state is actually inferred from analyzing the effect of 
single-site mutations on folding rates and stability. The " value analysis has 
been extensively used to investigate the transition state of many proteins 
(Matouschek, et al. 1989; Gianni, et al. 2007a; Zarrine-Afsar, et al. 2010; 
Banachewicz, et al. 2011; Giri, et al 2012). 
The " value is calculated as the ratio of the energetic perturbation induced on 
the transition state versus that induced in the native folded state, introducing 
a non-disruptive mutation, intended to cause a small perturbation: 
 
                                                                                      (Eq. 1.3) 
 
where !!GN!D is the change induced by mutation in the free energy of 
folding and !!G*TS!D that induced in the activation energy of folding.  
" values normally range from 0 to 1. A "-value near unity indicates that the 
TS is energetically perturbed upon mutation as much as the native state. This 
effect indicates that in the TS the mutated residue is engaged in fully native 
contacts (i.e. it has all its native interactions established) (Figure 1.8 right 
panel). On the other hand, a "-value near zero is taken as evidence that the 
TS is not energetically perturbed by the mutation, while the native state is 
(i.e. the mutated residue is as unstructured in the TS as in the denatured 
ensemble) (figure 1.8 left panel). 
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Figure 1.8. "-value analysis. The depicted energy profiles represent two 
different scenarios in which a hypothetical probed residue (shown in yellow 
on the structures) gives rise to different effects in the folding activation 
energy and in the stability of the protein, depending on the structure of the 
transition state. Left panel: the site of mutation is in an unstructured region 
of the transition state (!=0).  Right panel: the probed residue is highly 
native-like in the transition state (!=1). 
 
 
Experimentally determined " values are generally in between 0 and 1. The 
traditional interpretation of fractional " values is, however, not 
straightforward as they might indicate the existence of multiple folding 
pathways or a unique transition state ensemble with genuinely weakened 
interactions (Oliveberg and Fersht 1996). 
Also the interpretation of the so-called non-classical " values ("> 1 
and " < 0), that are seldom observed, is not straightforward. While, in some 
cases, these values are due to an incorrect mutation, in some others, they 
appear genuine. Negative " values can be observed when the native state is 
destabilized while the transition state is stabilized and vice-versa. " values 
higher than 1 may be detected when the transition state is affected by the 
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mutation more than that observed in native state (Gianni 2012). Because 
unusual " values are often indicative of non-native contact formation 
(Ozkan, et al. 2001), they can be used to detect local misfolding in transient 
intermediates either en-route to the productive folding pathway, as in the case 
of the Im7 protein (Capaldi, et al. 2002), or acting as off-pathway kinetic 
traps, like in the case of the circularly permuted PDZ domain of D1p protein 
(Gianni, et al. 2010). 
 
 
1.5.2 Comparative studies on Protein Folding: Homologous 
Proteins 
 
Current knowledge on the protein folding reaction has been achieved 
by extensively characterizing the folding mechanisms of simple globular 
proteins (Jackson 1998). However, given the diversity of protein folds and 
especially amino acid sequences, it is extremely difficult to draw general 
rules by studying folding pathways of individual proteins. In fact, when 
considering the folding of different proteins at least three key variables may 
jeopardize a comparison: i) sequence composition, ii) native and iii) 
denatured states structure variability. 
A powerful strategy to elucidate some of the relationships between 
sequence information and folding mechanism is to study proteins that differ 
in sequence but share the same overall fold (Chiti, et al. 1999b; Clarke, et al. 
1999a; Martínez and Serrano 1999; Riddle, et al. 1999; Friel, et al. 2003; 
Travaglini-Allocatelli, et al. 2003; Travaglini-Allocatelli, et al. 2005; Chi, et 
al. 2007; Calosci, et al. 2008). This strategy assumes that general correlations 
between amino acid sequences and folding pathways may be extrapolated by 
comparing folding processes for different members of a given protein family. 
The final goal is to identify the limited number of sequence determinants to 
achieve the common fold. Thus, the protein folding problem is often 
investigated using proteins with a low degree of sequence identity, yet 
adopting essentially the same fold. 
Over the years, it has been found that the mechanism of folding is, 
generally, conserved in protein families (Chiti, et al. 1999a; Gianni, et al. 
2001a; Zarrine-Afsar, et al. 2005) suggesting that the native topology is one 
of the main factors controlling protein folding (Baker 2000). 
An interesting example of comparative study is represented by the 
cytochrome c (cyt c) family, which has been used extensively in different 
laboratories, as a model system for folding studies (Elove, et al. 1994; Bai, et 
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al. 1995; Colon, et al. 1996; Gianni, et al. 2001a; Brunori, et al. 2003; 
Travaglini-Allocatelli, et al. 2003). The c-type cytochrome are a large family 
of globular proteins with a characteristic #-helical fold and a covalently 
bound heme group. In 2004, using a comparative approach, it was shown that 
very different members of the cyt c protein family share a common folding 
mechanism (Travaglini-Allocatelli, et al. 2004). By comparing the folding 
kinetics of cytochrome c551 from the mesophilic bacterium Pseudomonas 
aeruginosa (Pa-cyt c551) and cytochrome c552 from the thermophilic 
bacterium Hydrogenobacter thermophilus, it was demonstrated that the 
folding transition states of these two proteins share some similarities, in spite 
of large differences in thermodynamic stabilities. Analysis of extensive 
kinetic data available on many eukaryotic cyt c has indicated that similar 
species are populated along the folding pathway, enabling to propose a 
consensus mechanism. 
The PDZ domains represent another example of comparative folding 
study. They constitute a large family of protein-interaction modules that 
mediate protein-protein recognition by binding to short amino acid sequences 
(Fanning and Anderson 1999). Different classes of PDZ domains recognize 
specific C-terminal sequences (PDZ motifs) on a variety of protein 
substrates. Analyzing and comparing the kinetic folding mechanisms of five 
related but distinct PDZ domains, it has been found that, despite their low 
sequence identity and apparent folding complexity, the folding reactions for 
PDZ domains can be explained by a model with an intermediate and two 
transition states that are rather conserved with regard to their positions along 
the folding reaction coordinate (Chi, et al. 2007). In particular, through a 
combination of "-value analysis and molecular dynamics simulations, it was 
found that the late transition states are much more structurally similar than 
the early transition states (Calosci, et al. 2008). Surprisingly, in a further 
study on a topological PDZ mutant (cpPDZ2), such as a circular permutant, 
where the native N- and C-termini were joined and the sequence cleaved in a 
different position (Ivarsson, et al. 2008), it was shown that, although circular 
permutation introduces a significant destabilisation of the native state, the 
folding kinetics of cpPDZ2 reveal a remarkable stabilisation of the folding 
intermediate, which accumulates transiently during folding. 
 
1.5.3 A complementary approach in Protein Folding studies: 
Proteins with high sequence identity but different fold 
 
The analysis of heteromorphic proteins, that is proteins with high 
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sequence identity but different structure, can be considered as a novel and 
alternative approach complementary to the folding studies on protein 
families.  
While the analysis of protein families allows to control one of the main 
factors governing protein folding, i.e. native-state topology, the study of 
heteromorphic proteins allows to control another relevant parameter: the 
amino acid sequence of a protein.  
It is known that, proteins with a significant similarity in their amino acid 
sequence are expected to have the same fold. In fact, analysis of the protein 
data bank (PDB) reveals that a sequence similarity of 40% nearly always 
leads to a conserved three-dimensional structure and function (Wilson, et al. 
2000). This observation provoked Rose and Creamer in 1994 to issue the 
‘‘Paracelsus Challenge’’, whereby the protein folding community was 
charged with the task of designing two proteins that were at least 50% 
identical but possessed different folds (Rose and Creamer 1994). Amazingly, 
this goal was fully achieved in only 3 years, when Dalal and co-workers 
designed a sequence that, in spite of being 50% identical to a mostly $-sheet 
protein, folded into a four-helix bundle (Dalal, et al. 1997). Since then, 
several other scientists have achieved similarly impressive feats of design 
(Davidson 2008). In 2008, ambitious work by Bryan and co-workers led to 
the design of a pair of proteins with an extraordinarily high degree of 
sequence identity but different structure and function (Alexander, et al. 2007; 
He, et al. 2008). In particular, the sequences of two domains from 
streptococcal protein G were subjected to an iterative design of 
heteromorphic proteins leading the authors to produce three pairs of protein 
G variants with an increasing level of sequence identity (30%, 77% and 88% 
respectively) (Alexander, et al. 2007; He, et al. 2008) (figure 1.9). Two 
proteins, sharing 88% sequence identity (49 out of 56 amino acids), are called 
GA88, which is mostly #-helical (the 3 helix bundle protein A fold), and 
GB88, displaying the #+$ protein G fold (Figure 1.9); yet they display 
divergent structures and functions that were similar to the respective wild-
type proteins. The study of this remarkable protein engineering achievement 
offers some unique opportunities for a complementary analysis on protein 
folding mechanisms and allows to pose two key questions: (1) At which 
stage of its folding pathway does a protein commit to a given topology? and 
(2) Which residues are crucial in directing folding to a given structure?.  
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Figure 1.9. Structures and sequence alignments of the different GA and GB 
variants. All engineered GA and GB proteins display structure and function 
similar to their respective natural wild-type domains GA and GB1. For each 
protein, amino acid identities are shown in blue and nonidentities in gray. A 
complete folding characterization of the variants shown inside the red 
rectangle was performed. 
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1.6. Theoretical studies 
 
A crucial approach in protein folding studies is represented by the 
comparison between experimental and theoretical results. Theoretical models 
and computer simulations have greatly advanced our understanding of 
protein folding and have helped the interpretation of experimental data. There 
is a synergy between theory and experiment, the former providing testable 
models and the latter aiming at validating hypothesis (Szilagyi 2007). 
One of the principal tools in the theoretical approach to the structure 
and function of biological molecules is the method of molecular dynamics 
(MD) simulations (Karplus and McCammon 2002). Simulations can help in 
identifying or predicting transition and intermediate states along the folding 
pathway, they provide estimates of the rate of folding and in some cases, 
predict the final, folded structure. 
Small proteins typically fold in the several microseconds to seconds 
timescale; detailed atomistic simulations, however, are currently limited to 
the nanosecond to microsecond regime. Therefore, simulation of folding 
requires either simplified models or special sampling methods, both of which 
introduce some approximations. To simulate unfolding, the simplest method 
of increasing sampling is to increase the temperature of the simulation to 500 
K or more where the native structure of the protein is melting within a few 
nanoseconds. This approach has been applied to several small proteins, 
including bovine pancreatic trypsin inhibitor (Kazmirski and Daggett 1998b), 
lysozyme (Kazmirski and Daggett 1998a), myoglobin (Tirado-Rives and 
Jorgensen 1993), barnase (Wong, et al. 2000), ubiquitin (Alonso and Daggett 
1998), the SH3 domain (Day and Daggett 2003), etc. Features of the 
unfolding process, such as the transition-state ensemble or the unfolded 
ensemble, have in some cases shown remarkable agreement with 
experimental results (Tsai, et al. 1999).  
 
 
1.7 Folding mechanisms 
 
In 1968 Levinthal postulated the existence of folding pathways. The 
huge diversity of proteins found in nature made it difficult to give a widely 
accepted unified scheme on folding mechanism. In 1973, the nucleation 
model (Wetlaufer 1973) tried to resolve Levinthal’s paradox by assuming 
that the rate!limiting step in the folding process is a nucleation event, 
presumably the formation of smaller structural units, and once nucleation 
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occurs the nuclei grow fast and the folding process rapidly completes. The 
‘‘diffusion–collision model (DC)” (Karplus and Weaver 1976) implies 
fluctuating microdomains (portions of secondary structure or hydrophobic 
clusters) that move diffusively and repeatedly collide with each other. 
Productive collisions lead to coalescence into intermediates, which may 
involve microdomains that are not necessarily contiguous along the protein 
sequence. Folding proceeds as a series of coalescence events that might either 
follow a unique order (sequential folding pathways) or explore different 
routes (parallel folding). Also the so-called ‘‘jigsaw puzzle model’’ (Harrison 
and Durbin 1985) denied the necessity of a unique, directed folding pathway 
and stated that each protein molecule can follow a different route to the 
native structure, just like there are multiple ways to solve a jigsaw puzzle. 
The introduction of the ‘‘hydrophobic collapse model’’ (Dill 1985), based on 
the intuition of C. Tanford, led to the view that the hydrophobic effect is the 
main driving force of folding, and the process starts with a rapid collapse of 
the chain, expulsion of the water and formation of the secondary structure.  
The ‘‘framework model’’ (Baldwin 1989) stated that the folding 
process is hierarchical, starting with the formation of the secondary structure 
elements, and the docking and the organization of the preformed 
substructures is the rate!limiting step.  
The model named ‘‘nucleation–condensation (NC)’’ represents an attempt to 
unify the features of both the framework and the hydrophobic collapse 
mechanisms (Fersht 1995; Fersht 1997). In this model, secondary structure 
and hydrophobic interactions form nearly simultaneously and synergistically 
(Daggett and Fersht 2003), leading to the formation of a weak structured 
local nucleus. The nucleus is composed of a set of adjacent residues, 
stabilized by long-range interactions that are formed as the rest of the protein 
collapses around the nucleus: formation of the nucleus (nucleation) 
(Wetlaufer 1973) is coupled with a more extended formation of structure 
(condensation). 
 
1.7.1 Nucleation-Condensation and Diffusion-Collision: 
Extreme manifestations of a common mechanism for Protein 
Folding 
 
Among the models for protein folding, Nucleation-Condensation 
(NC) and Diffusion-Collision (DC) mechanisms are, currently, the two 
models generally used to describe the folding of small single-domain 
proteins. A critical test to distinguish between them is represented by the 
Chapter 1. Introduction 
21 
analysis of the magnitude and distribution of " values for a given protein.  
The transition state of a protein which folds according to the DC model, 
displays heterogeneous structure localization, with regions having " values 
close to 1 and others displaying " values close to 0, distributed in contiguous 
blocks, indicative of preformed secondary structure elements (or independent 
microdomains) (Gianni, et al. 2003).  
On the other hand, in the case of the NC model, the nucleus may be 
identified by the few residues displaying higher " values; the native-like 
structure in the TS should gradually decrease with a smooth gradient of 
decreasing " values from the nucleus (Itzhaki, et al. 1995). 
In 2007, a work on a PDZ domain (second PDZ repeat from Protein 
Tyrosine Phosphatase-Bas Like, PDZ2) (Gianni, et al. 2007a), performed in 
our laboratory, suggested that NC and DC models may represent extreme 
manifestations of an underlying common mechanism and that proteins may 
appear to fold by either NC or DC depending on the inherent stability of their 
secondary structure elements. As reported above, it was already shown that 
the folding pathway of PDZ2 proceeds through two consecutive TS barriers 
(Gianni, et al. 2005). The interactions formed in the two distinct TSs were 
mapped by "-value analysis. Surprisingly, the first TS was characterized by 
many mutants displaying " = 0 and only some mutants having fractional " 
values, suggestive of a NC mechanism. On the other hand, the second TS 
displayed characteristics of the DC mechanism with several "-values close to 
1, and the rest displaying fractional ". The folding of PDZ2 has been 
suggested as a paradigmatic example in which the two extreme models are 
manifested in one single protein. According to this unifying folding 
mechanism, the folding of small globular proteins is suggested to involve 
three major events: (1) formation of a weak nucleus that determines the 
native-like topology of the structure, (2) a global collapse of the entire 
polypeptide chain, and finally (3) consolidation of the remaining partially 
structured regions to achieve the native state conformation (Gianni, et al. 
2007a).  
 
1.7.2 The Energy Landscape Theory 
 
Since the process whereby a protein acquires its native three-
dimensional shape involves formation of many non-covalent weak bonds, a 
classical one-trajectory view of protein folding is likely to be an over-
simplification of the underlying mechanism. An original viewpoint emerged 
when the concept of energy landscape for a protein (Frauenfelder et al. 1991) 
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was extended to folding. Energy landscapes are mathematical devices that 
help to understand the microscopic behavior of a molecular system 
(Bryngelson, et al. 1995). Although energy landscapes are, by definition, 
high-dimensional surfaces, they are often pictured as a surface in three-
dimensions. In these pictures, the vertical axis represents the free energy and 
the horizontal axes represent the conformational degrees of freedom of the 
polypeptide chain. The statistical energy landscape perspective describes 
folding as taking place on a rugged free-energy landscape in which free-
energy barriers separate ensembles of states displaying different levels of 
structural heterogeneity, such as the folded (F) and the unfolded (U) states. 
This view likens the energy landscape of a protein to a funnel, with the native 
structure at its global minimum (Figure 1.10).  
 
 
 
Figure 1.10. Schematic representation of a folding funnel:  the free energy 
drives the polypeptide towards the folded state (F), the most stable 
conformation, and the conformational entropy dramatically decreases as the 
native state is approached. Implicit in this view is that folding may occur via 
alternative parallel pathways. This concept is graphically depicted using the 
structures of the early and late folding transition states for different PDZ 
domains, as obtained in ref. (Calosci, et al. 2008). 
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According to the landscape theory, the plasticity of folding pathways 
assumes that proteins can be rerouted through the energy landscape by 
mutational (Wright, et al. 2003), topological  (Lindberg and Oliveberg 2007) 
or solvent perturbations (Gianni, et al. 2007b; Otzen and Fersht 1998). Thus, 
the polypeptide chain may fold by different pathways, potentially adopting 
multiple partially folded ensembles en route to the native state (J.N. Onuchic 
2004). Alternative folding pathways, involving different nucleation motifs, 
can be selectively stabilized via loop entropy perturbations, such as circular 
permutation. Over-stabilization of a nucleus may lead to frustration of the 
folding landscape, involving the segregation into local minima that compete 
for producing the native state. An example of such a scenario is represented 
by the D1pPDZ domain, a naturally occurring circularly permuted variant 
that displays an off-pathway kinetic trap characterized by a misfolded N-
terminal hairpin incorrectly docked on an otherwise native-like structure 
(Gianni, et al. 2010). 
Whilst the presentation of the funnel model provided a novel outlook on 
protein folding, a detailed experimental description of such a complex 
scenario is still a challenge. 
 
 
1.8 Intrinsically disordered proteins and their binding and 
folding mechanisms 
Contrary to the conventional view of the structure function dogma 
‘sequence determines structure determines function’, another category of 
proteins have started to emerge in recent two decades called IDPs. Mostly 
IDPs come in the functionalan picture upon binding to their inteacting 
partners. The functions include the regulation  of  transcription and 
translation, cellular signalling, protein phosphorylation, the storage of small 
molecules and regulation of the self assembly of large multiprotein 
complexes such as bacterial flagellum and the ribosome (Dyson and Wright., 
2005). Recent reviews have given the lights on their role as chaperones in 
plants and fungi (Tompa and Kovacs., 2010).  
Many groups have reported that human genome contained sequences 
coding for unstructured proeins (Romero et. al. 1998). The outstanding 
statistics on the basis of bioinformatics and computational analysis revealed 
that 6-33% of bacterial proteins, 9-37% of archeal proteins and 35-50% of 
eukaryotic proteins should contain stretches of 40 or consecutive disordered 
amino acids (Dunker et. al. 2000). The experimental validation of this 
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statistical analysis is still to be done. On the same period many experimental 
biologists have reported that some proteins mainly of the transcriptional and 
translational control, cell cycle control and signalling remained without a 
stable 3D structure in all the ingenuous experimental conditions of buffer, 
salt and pH variations (Kriwacki et. al. 1996). Recently more focus has been 
given on IDPs which folds upon binding to its interacting structured partner 
(Dyson and Wright, 2005). Some IDPs get their folded form and eventually 
leading to function upon binding with another IDP partner (Dunker et. al. 
2008). Sometimes metal binding acts as modifier of the IDP structure 
(Uversky et. al., 2000). Contrary to the fold and function paradigm there are 
some chaperones which get the functional form only upon getting unfolded. 
Activation of Hsp33 requires its native unfolding for function (Reichmann et 
al., 2012). Some other examples include the chaperones acid activated HdeA 
(Tapley et al., 2009) and the heat-activated small heat shock proteins (jaya et 
al., 2009), these chaperones use localized protein unfolding for activation.   
 
Very briefly the introduction can be summarized in following ways: 
 
1. Intrinsic disordered behaviour is encoded by its amino acid sequence: 
Like the ordered proteins the disordered proteins are also determined 
by their amino acid sequence. Generally a combination of low mean 
hydrophobicity and high net charge are the prerequisite for the 
absence of ordered structure in proteins (Uversky et. al. 2000). Much 
analysis revealed that IDPs were significantly depleted in so called 
order-promoting amino acids such as Ile, Leu, Val, Trp, Phe, Cys and 
Asn. The IDPs are substantially enriched in disorder promoting amino 
acids, Ala, Arg, Gly, Gln, Ser, Glu, Lys and Pro (Dunker et. al., 2001; 
Williams et. al., 2001; Romero et. al., 2001; Radivojak et. al., 2007).  
 
2. Many IDPs follow the induced folding: many IDPs undergo a 
disorder to order transition upon interaction with specific binding 
partners (Dunker et. al., 2001; Dyson and Wright, 2002, 2005). Many 
IDPs bind very specifically to their ordered interacting partner while 
some IDPs can bind to many partners by changing the conformation 
to associate with different targets (Dunker et. al., 2001; Karush 1950; 
Kriwacki et. al. 1996).  The C-terminal regulation domain of p53 
which is disordered in its free form, adopts four different 
conformations , a short #-helix, a $-strand and two differently shaped 
coils, upon binding to its four interacting partners (Oldfield et. al. 
2008). Contrary to the earlier case their are more than 10 IDPs which 
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bind with their ordered counterpart Kix domain (Dyson and Wright., 
2005; Wang et. al. 2012).  
 
3. Coupled folding and binding of IDPs: This is the process where an 
IDP or disordered region of a protein folds into an ordered structure 
concomitant with its target. There is an entropic cost to fold a 
disordered protein, which is paid for using the binding enthalpy. The 
most studied chapter is the pKID and Kix story. The Phosphorylated 
kinase-inducible domain (pKID) of transcription factor cyclic-AMP-
response-element-binding protein (CREB) is unstructured when it is 
in free solution, but folds on forming a complex with the KID-binding 
(KIX) domain of CREB-binding protein (CBP) (Radhakrishnan et. 
al.1997). 
 
4. Thermodynamics of coupled folding and binding:  Binding of an IDP 
to its target is governed by the entropic cost associated with the 
disorder-to-order transition. Generally a favorable enthalpic 
contribution is the key driving force of a binding reaction, which 
gives an example of enthalpy-entropy compensation. Coupled folding 
and binding can give rise to various level of specificity and affinity 
depending on the subject. Generally in signal transduction and 
transcriptional IDPs make the complex with high specificity and low 
affinity so that after completing the process they must dissociate. 
Conformational flexibility of many IDPs facilitates the 
posttranscriptional modifications. pKID is the example where the 
specificity and affinity get a remarkable change upon 
phosphorylation. Several examples of entropy-enthalpy compensation 
are provided by the transcriptional activator CBP system e.g. pKID-
KIX interaction, the hypoxia-inducible factor-1# (HIF1#), 
transcriptional-adapter-zinc-finger-1 (TAZ1) domain interaction and 
the activator for thyroid hormone and retinoid receptors (ACTR)- 
nuclear-receptor-co-activator-binding-domain (NCBD) interaction. 
 
5. IDPs in diseases and drug target: on the basis of their biological 
functions and regulation in protein interaction networks many IDPs 
are implicated in various human diseases (Uversky et. al., 2008a; 
Midic et. al., 2009b). The c-Myc oncoprotein is a transcription factor 
that regulates large numbers of genes important in key cellular 
processes such as growth, differentiation, metabolism and apoptosis 
(Adhikary and Eilers, 2005). Its monomers are disordered and 
Chapter 1. Introduction 
26 
undergo coupled folding and binding upon dimerization. Its 
overexpression occurs in most human cancers (Dang, 1999) 
 
6. Computational prediction of IDPs: during the time of proteomics and 
progress of IDP research many predictors have been developed. Some 
of the most popular are PONDER, GlobPlot, DisEMBL, DISOPRED, 
FoldUnfold, IUPred, FoldIndex, DisPSMMP, IUP, POODLE-S, 
Bayes and CDF-ALL.   
 
7. Biophysical Methods to characterize IDPs:  
a. Circular dichroism : far-UV CD spectroscopy gives the first 
basic information about the amount (or lack) of secondary 
structure. The ellipticity spectrum of IDPs has a large negative 
peak at nearly 200nm and values nearly close to zero at 220 
nm. Partial structures in IDP can also be determined by these 
experiments.  
b. Nuclear magnetic resonance: heteronuclear magnetic 
resonance is the most powerful and versatile tool to see the 
disorderness in the protein. The high flexibility of the chain 
makes the chemical shift dispersion diminish and disorder 
easily recognizable (Dunker et al., 2001).  
c. There are many other techniques which are useful in this field 
are spectroscopic methods like Fourier transform infrared 
spectroscopy, provides additional information on the 
secondary structure. Near-UV CD, UV spectroscopy and 
fluorimetry experiments give the information about the 
environment of aromatic residues along with lack of a tightly 
packed hydrophobic core. The development of Raman optical 
activity measurement is paving the way for secondary 
structure determination (Syme et al., 2002).  
d. Some hydrodynamic techniques also give some information 
about the lack of structure. Gel filtration chromatography, 
small angle X-ray scattering, sedimentation analysis and 
dynamic light scattering provide information on 
hydrodynamic parameters. It includes stokes radius (Rs) and 
the radius of gyration (RG).  
e. Other techniques including differential scanning calorimetry 
unveils the absence of cooperative folding transitions 
characteristic of a well defined tertiary fold. Many IDPs are 
heat stable so heat treatment also gives some useful 
information. 
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1.8.1 IDPs in transcriptional Activation: Partners of KIX domain of CBP 
 The IDPs which interact with the transcriptional coactivator CBP are 
the few earliest one to be studied in detail. Transcriptional coactivator CBP is 
a 2441 amino acid long multidomain protein, which serves as a central 
enabler in the transcription of, activated genes. It provides a bridge between 
the upstream activation site and the transcriptional initiation complex. One of 
the best-characterized interaction domains of CBP is the KIX domain, 
spanning residues 587-673. KIX domain is independently folded domain and 
follows a two state folding mechanism (Morrone et. al., 2012). KIX domain 
has been reported to bind as many as 10 IDPs discovered so far (Dyson 
2011). Most of them are the transactivation domain of transcription factors 
e.g. c-myb, c-jun, tax, E2A-PBX1, MLL. pKId (kinase inducible domain) is 
also an IDP interacting with KIX.  
 
 
  
1.8.2 Folding and binding measurements of Intrinsically disordered 
proteins with its interacting partner Kix 
 
 There are several hypotheses on the significance and value of disorder, 
which demand experimental validation (Uversky et al., 2010). From a 
thermodynamic viewpoint, it has been suggested that destabilization of a 
native fold may lower the affinity of a protein for its ligand, without 
necessarily compromising specificity (Wright and dyson, 1999; Spolar and 
record, 1994). Also, an interesting mechanistic model has been proposed by 
Wolynes and co-workers suggests the IDPs to display an increased capture 
radius to recruit and bind partners (Shoemaker et al., 2000). According to this 
view, called fly-casting mechanism, a disordered protein should form with its 
physiological partner a high-energy complex that would be locked in place 
by the coupled folding reaction. Whilst the kinetic data of binding and 
recognition of IDPs to their physiological partners are relatively scarce, it is 
of critical importance to understand the mechanisms whereby disordered 
systems operate (Keifhaber et. al., 2012). 
The CREB-binding protein (CBP) is a co-activator that mediates the 
interaction between DNA-bound activator proteins and the components of the 
basal transcription complex. A small globular domain of CBP, known as 
KIX, modulates such interactions (Radhakrishnan et. al., 1997). Despite its 
small size, 87 amino acids, and a relatively simple fold, the KIX domain 
binds different IDP systems. Two different binding sites mediate such 
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interactions, namely the so-called c-Myb and MLL binding sites (named after 
two characteristic ligand of each of the site, i.e. the transactivation domain of 
the protein c-Myb and the mixed lineage leukaemia MLL protein) . Whilst 
the structural features of the interaction between KIX and different IDPs have 
been investigated in detail and several sets of co-ordinates are available in the 
pdb database (Radhakrishnan ey. Al., 1997; Zor et. al., 2004; Wang et. al. 
2010), the mechanism of recognition is still a conundrum. More specifically, 
it is unclear whether KIX recognizes the IDPs in their ordered or disordered 
conformation – a critical question in tackling the proposition of an added 
value for disorder in IDP systems.  
Chapter 2: Objectives 
29 
Objectives 
 
 
The major objective of my PhD work was to characterize and 
understand the folding pathway of a bunch of heteromorphic protein pairs 
called Ga and Gb.  
The problem of spontaneous folding of a polypeptide into compact, 
highly organized three-dimensional structures represents a fundamental 
challenge in modern Biochemistry (Kennedy and Norman 2005). The 
sequence of a protein contains all of the information for folding to the 
functionally competent state (Anfinsen 1961). However, not all amino acids 
of a polypeptide chain are equally important in specifying which fold to be 
adopted. The concept of “key residues” was previously proposed to describe 
the formation of “key contacts” in specific transition states of folding as a 
critical step to trigger “downhill” backbone collapse (Abkevich, et al. 1994; 
Vendruscolo, et al. 2001). The two proteins, called GA88 and GB88, with an 
extraordinarily high degree of sequence identity (i.e. 88%) but different 
structure and function (Alexander, et al. 2007) and also different folding 
mechanisms (Morrone et. al, 2011), offered to us a unique opportunity to 
start investigating the role of key residues in the mechanism of protein 
folding.  
The surprising finding that the folding pathway of GA88 and GB88 
diverges as early as in their denatured state (Morrone et. al, 2011), prompted 
us to carry out a systematic and very extensive analysis of each of the 
heteromorphic variants designed by Philip N. Bryan. All the pairs of GA and 
GB proteins produced by Bryan and co-workers, display structure and 
function similar to the respective wild-type proteins and interact specifically 
with two different macromolecules (i.e. serum albumin and IgG, 
respectively). These protein variants allowed us to explore the sequence space 
associated with a given protein structure. To this purpose, we performed a 
detailed characterization of the folding pathway of all six GA and GB 
proteins, i.e. GA30, GB30, GA77, GB77, GA88 and GB88, considering also the 
natural GB domain, called GB1, a popular system for protein folding studies. 
The results were obtained by exploring the folding process of GB1 at 
different pH values, and by performing an extensive "-value analysis of the 
engineered GA and GB variants. Analysis of data shows that the mechanism of 
folding of all GA variants conforms to a co-operative two-state model with a 
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structurally conserved transition state. On the other hand, the folding 
pathway of the GB variants appears less co-operative and more complex, 
revealing the presence of an intermediate and the existence of a variable 
organization in the transition states. Therefore, while the GA-fold is populated 
via a single pathway with one conserved intrinsic nucleus, the GB-fold can be 
reached by formation of more than one nucleus, each being selectively 
stabilized by altering the amino acid sequence via site-directed mutagenesis.  
 
 
 
The last part of my Ph.D was focused towards understanding the 
folding and binding mechanism of cMyb, a member of the Intrinsically 
disordered proteins (IDPs) class. Trans Activation Domains (TADs) of cMyb 
is unfolded in physiological buffer condition is and only form the alpha 
helical structure upon binding to its interacting partner Kix domain  
(Radhakrishnan et. al. 1997, Dyson and Wright, 2005). In spite of the 
biological role of these IDPs, very little is known about the molecular details 
governing their binding and folding mechanism. Here the core aim was to 
deal with the molecular determinants of the coupled folding and binding 
mechanisms of the IDP, cMyb TAD and its interacting partner Kix.  
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METHODS 
 
 
 
3.1 Site-directed Mutagenesis  
 
GA, GB and Trans Activation Domain of c-Myb genes were cloned into the 
vector pG58, which encodes an engineered subtilisin pro-sequence as the N 
terminus of the fusion protein (Ruan, et al. 2004). These genes were used as 
templates to perform site-directed mutagenesis. All mutants were obtained by 
using the QuikChange mutagenesis kit (Stratagene) according to the 
manufacturer’s instructions. 
 
3.2 Protein Expression and Purification 
 
Expression of the wild-type Ga-Gb proteins and their mutants was obtained 
in Luria Bertani (LB) medium containing 100µg/ml ampicillin. Cultures (1 
liter in 2 liter flasks) were shaken at 180 rpm and grown at 37°C until OD600 
arrived to 0,6; then protein expression was induced with 1 mM IPTG 
(isopropyl ß-d-thiogalactoside). After induction, cells containing Ga and Gb 
expression constructs were grown for 20 hours at 25°C, while c-Myb was 
grown for 20 hours at 37°C and then collected by centrifugation. 
 
3.2.1 Purification of Ga and Gb along with its variants:  
  
Cells containing expression constructs of Ga and Gb protein variants were 
resuspended in 100 mM NaPO4 buffer (pH 7.2) and sonicated. After 
sonication, cell extract was centrifuged 30’ at 13000 rpm to remove any 
insoluble material. Protein of interest was found in the soluble fraction.   
 Proteins were purified employing an affinity-chromatography 
previously developed (Ruan, et al. 2004). Soluble cell extract of pro-domain 
fusion proteins was injected on a 5-ml Bio-Scale™ Mini Profinity eXact 
cartridge at 5 ml/min to allow binding and then washed with 10-column 
volumes of 100 mM NaPO4 (pH 7.2) to remove impurities. To cleave and 
elute the purified target proteins, 15 ml of 100 mM NaF in the presence of 
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100 mM NaPO4 (pH 7.2) were injected at 5 ml/min. After the first 10 ml, the 
flow was stopped and the column incubated for 30 minutes to allow complete 
cleavage. The purified proteins were then dialyzed to remove sodium 
fluoride. Purity was checked by SDS/PAGE. 
 
3.2.2 Purification of c-Myb Trans Activation Domain and its 
mutants:  
 
Expression of c-Myb gene was done as described above. After sonication of 
the resuspended cells the protein was purified by both of its soluble and 
insoluble fraction. The column used was a cation-exchange cromatography 
(S-Sepharose equilibrated with 40 mM Tris-HCl pH 8.5). c-Myb* (c-Myb 
fused with pro-domain of  subtilisin tag) was eluted with 850mM NaCl. The 
sample was then diluted 4-fold in 40 mM Tris, pH 8.5 and all minor 
impurities were removed by the purification step on a nickel(II)-charged 
chelating Sepharose FF (GE Healthcare) column equilibrated with 40 mM 
Tris-HCl equilibrated pH 8.5. The protein passed through the nickel(II)-
column; the flow-through containing the protein was collected and 
concentrated. The purity of the protein was confirmed by SDS-PAGE.  
 
3.2.3 Purification of Kix Domain:  
 
 WtKIX from Mus musculus CBP (residues 586-672) cloned into 
pRSET vector (Invitrogen) and resulting in a clone expressing His-tagged 
Kix, was generously provided by Per Jemth (Uppsala University, Sweden). 
The site-directed mutant Y658W named pwtKIX was obtained by using the 
QuikChange mutagenesis kit (Stratagene) according to the manufacturer’s 
instructions. Cells containing expression constructs of Kix protein were 
resuspended in 40 mM Tris-HCl and 400 mM NaCl, pH 8.5 and sonicated. 
After sonication, cell extract was centrifuged 30’ at 13000 rpm to remove any 
insoluble material. Proteins were purified by using a nickel(II)-charged 
chelating Sepharose FF (GE Healthcare) column equilibrated with 40 mM 
Tris-HCl and 400 mM NaCl, pH 8.5. The His-tagged wtKix and pwtKix were 
eluted with 250mM imidazole. The samples were then diluted 4-fold in 40 
mM Tris, pH 8.5 and all minor impurities were removed by the purification 
step on a Q-Sepharose column equilibrated with 40 mM Tris, pH 8.5. The 
proteins passed through the Q-column; the flow-through containing the 
protein was collected and concentrated. Removal of hexa histidine tag was 
done with the standard procedure. The purity of the protein was confirmed by 
SDS-PAGE.  
Chapter 3: Methods 
33 
3.3 Equilibrium unfolding 
 
Equilibrium denaturations were followed by Far-UV circular dichroism (CD) 
and fluorescence spectroscopy to monitor changes in secondary and tertiary 
structure, respectively.  
CD measurements were carried out on a JASCO spectropolarimeter (Jasco, 
Inc., Easton, MD, USA), in a 1 cm quartz cuvette (Schellman). The spectra 
were recorded between 250 and 200 nm. Protein concentrations were 
typically 10 $M.  
Fluorescence measurements were carried out on a Fluoromax single photon 
counting spectrofluorometer (Jobin-Yvon) with a cuvette of 1 cm light path. 
Tryptophan fluorescence emission spectra were recorded between 300 and 
400 nm. The excitation wavelength was 280 nm. Protein concentrations were 
typically 1 to 6 $M.  
 
3.4 Stopped-flow measurements 
 
Single mixing kinetic folding and binding experiments were carried out on a 
Pi-star or on an SX-18 stopped-flow instruments (Applied Photophysics, 
Leatherhead, UK). The excitation wavelength was 280 nm and the 
fluorescence emission was measured using a 320 nm cut-off glass filter. In all 
folding experiments, performed at 25°C and 10°C, refolding and unfolding 
were initiated by a 11-fold dilution of the denatured or the native protein with 
the appropriate buffer. Final protein concentrations were typically 1 $M. The 
observed kinetics was always independent of protein concentration (from 0.5 
to 5 $M), as expected from monomolecular reactions without effects due to 
transient aggregation (Silow and Oliveberg 1997).  
The coupled folding and binding experiments of KIX and c-Myb were 
performed at 10°C by a two fold dilution of the binding partners. The protein 
concentration of KIX (or pwtKIX) was 10uM versus varying concentration 
of c-Myb. 
3.5 Temperature-jump measurements 
 
The observed kinetic rate constants of some GA protein mutants were turning 
out to be beyond the range of stopped-flow apparatus. So they were obtained 
by Temperature-jump technique. The relaxation kinetics was measured as a 
function of guanidine or urea by using a Hi-Tech PTJ-64 capacitor-discharge 
T-jump apparatus (Hi-Tech, Salisbury, U. K.). Temperature was rapidly 
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changed from 18 °C to 25°C, 16 °C to 25°C and from 4 °C to 10 °C with a 
jump-size of 7°C, 9°C and 6°C respectively. 10 to 20 individual traces were 
averaged at given denaturant concentrations. The fluorescence change of N-
acetyltryptophanamide (NATA) was used in control measurements. Protein 
concentrations of Ga variants were typically 20 µM. Binding and folding 
experiments on pwtKIX and c-Myb was performed with temperature jump 
from 16°C to 25°C just to compare with its stopped flow experiments. 
Protein concentration of pwtKIX was 10 µM versus varying concentration of 
c-Myb proteins.  Degassed and filtered samples were slowly pumped through 
the 0.5 x 2 mm quartz flow cell before data acquisition. The excitation 
wavelength was 280 nm and the fluorescence emission was measured using a 
320 nm cut-off glass filter. 
3.6 Buffers 
 
Equilibrium and kinetic experiments were performed exploring a wide range 
of pH, from 2.0 to 10, using the following buffers: 50 mM Glycine /NaOH 
from pH 10 to 9.0, 50 mM Tris/HCl from pH 9.0 to 7.2, 50 mM sodium 
phosphate from pH 8.0 to 6.3, 50 mM Bis-Tris/HCl from pH 7.0 to 6.0, 50 
mM sodium acetate from pH 5.5 to 3.8, 50 mM sodium formate from pH 3.4 
to 3.0 and 50 mM sodium phosphate/phosphoric acid from pH 2.8 to 2.0. All 
reagents were of analytical grade. 
 
3.7 Data analysis 
3.7.1 Quantitative analysis of two-state equilibrium transitions 
The folding-unfolding transition in globular proteins can be described, in 
general, as a two-state equilibrium process. Although there is now increasing 
evidence for complex behavior within such simple systems (Brockwell and 
Radford 2007), many small monomeric proteins show simple, unfolding 
transitions between native and denatured states. Under these conditions, if a 
given optical probe (y) is used to monitor unfolding, the observed signal yobs 
will reflect the fractional population of the native and denatured state, being: 
 
! 
D[ ]
D[ ] + N[ ]
=
yobs " yN
yD " yN
                                             
! 
N[ ]
D[ ] + N[ ]
=1"
yobs " yN
yD " yN
 
                          (Eq. 3.1)                                                                      (Eq. 3.2) 
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where yobs is the optical measure at a given denaturant concentration, yD and 
yN  are the signals of the denatured and native states respectively.  
By applying the linear free energy extrapolation assumption, it can be 
postulated that: 
 
! 
"G
D#N = "G
0
D#N #m
D#N denaturant[ ]                                                  (Eq. 3.3) 
 
where !GD-N is the stability of the protein at different denaturant 
concentrations and !G0D-N is the stability in water. 
Moreover, according to the mass action law, for a two-state system: 
 
! 
Keq =
D[ ]
N[ ]
                                                                                             (Eq. 3.4) 
and  
! 
"GD#N = #RT ln Keq( )                                                                            (Eq. 3.5) 
 
where Keq is the equilibrium constant of the reaction, !GD-N is the stability of 
the native state to the denatured state, R is the gas constant and T is the 
temperature. Combining Eq. 3.1 with Eq. 3.4 and Eq. 3.5, the equation that 
defines the dependence of a given spectroscopic signal from the denaturant 
concentration can be derived: 
 
! 
yobs =
yN + yDe
(mD"N denaturant[ ]"#G
0
D"N )
RT
$ 
% 
& & 
' 
( 
) ) 
1+ e
(mD"N denaturant[ ]"#G
0
D"N )
RT
$ 
% 
& & 
' 
( 
) ) 
                                     (Eq. 3.6) 
 
In practice, this equation is complicated by the dependence of the intrinsic 
spectroscopic signal for both the native and the denatured state on the 
denaturant concentration (namely the native and denatured baselines (Santoro 
and Bolen 1988). Eq. 3.6, based on the two-state assumption, is now 
routinely used for the equilibrium studies of folding. A useful test to verify 
the two-state assumption is to calculate the thermodynamic folding 
parameters using different spectroscopic probes. 
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3.7.2 Quantitative analysis of folding kinetics: the two-state 
model 
Analysis was performed by non-linear least-squares fitting of
 
single 
exponential phases using the fitting procedures provided
 
in the Applied 
Photophysics software. In a two-state reaction, as consequence of a 
perturbation induced on the system, the observed rate constant kobs is 
represented by the following equation: 
 
! 
k
obs
= k
F
+ k
U                                                                                      (Eq. 3.7) 
 
where kU and kF represent the unfolding and refolding rate constants 
respectively. The logarithm of the observed (un)folding rate constants is 
linearly dependent on the denaturant concentration. Such a relationship is 
formalized in Eq. 3.8 (Jackson and Fersht 1991): 
 
! 
k
obs
= k
F
H
2
O
e
"mF denaturant[ ] RT( ) + k
U
H
2
O
e
mU denaturant[ ] RT( )
 
(Eq. 3.8) 
 
where kF
H2O
 and kU
H2O
 are the extrapolated folding and unfolding rate 
constants in absence of denaturant and, mF and mU reflect their dependence 
on denaturant concentration and correlate with the change in accessible 
surface area between the two ground states and the transition state between 
them. 
Kinetic analysis of chevron plot allows the determination of the stability of a 
protein in the absence of denaturant agent (!G0D-N ): 
 
! 
"G
D#N
0
= #RT ln
k
F
k
U
$ 
% 
& 
' 
( 
)                                                                      (Eq. 3.9) 
 
where R is the gas constant and T the temperature.  
Moreover, the algebric sum of the two kinetic m-values, mU and mF, allows to 
calculate the total mD-N: 
 
! 
m
D"N = mF + mU                                                                              (Eq. 3.10) 
 
A comparison between the equilibrium and kinetic parameters !G0D-N and 
mD-N is crucial to verify the validity of the two-state model. 
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3.7.3 Quantitative analysis of folding kinetics: the three-state 
model 
As reported in the Introduction Section,, if a partially folded intermediate is 
present, the folding kinetics can be described by the following scheme: 
 
! 
D  
"
k
DI
#
k
ID
   I 
"
k
IN
#
k
NI
  N                          (Scheme 3.1) 
 
where kDI is the microscopic rate constant for the formation of the 
intermediate from the denatured state, kID is the microscopic rate constant for 
the unfolding of the intermediate to the denatured state, kIN is the microscopic 
rate constant for the formation of the native state from the intermediate and 
kNI is the microscopic rate constant for the unfolding of the native state to the 
intermediate state.  
Curved chevron plots were
 
fitted, using the Kaleidagraph software
 
package, 
by numerical analysis based on a three-state model following the equation: 
 
! 
kobs = kDI +
kNI
+ + Kpart
                                                                           Equ. 3.11 
 
where Kpart is the partition factor kID/kIN  proportional to the difference 
between the activation barriers for the intermediate state to revert to the 
reagents rather than proceeding to the products. The logarithm of each 
microscopic rate constant was assumed to vary linearly with denaturant 
concentration (the slope of each dependence yielding the corresponding m-
value).  
 
 
3.7.4  Equilibrium binding analysis  
 
Fluorescence experiments : Binding affinities of c-Myb to KIX were 
determined at 283 K by titrating 1 µM KIX (or pwtKIX) with the binding 
partner c-Myb (or c-Myb*), in a total volume of 1600 µl of 50 mM Sodium 
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Phosphate buffer, 150 mM KCl at pH 7.5. c-Myb concentration covered a 
suitable range from 0 to 100 µM.  
The dissociation constant (KD) was estimated using the Kaleidagraph 
software package. A nonlinear regression analysis was applied using 
hyperbolic equation %AUobs = %AUmax[S]/(KD+[S]) (Equation 3.1), where 
%AUobs is the fluorescence difference ,%AUmax is the maximum fluorescence 
difference extrapolated to infinite ligand concentration, and [S] is the 
substrate analytical concentration.  
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RESULTS 
 
4.1 Folding characterization of the different GA and GB heteromorphic 
pair variants 
 
By taking the broad objective of deciphering the folding mechanisms of two protein 
variants with increasing degree of sequence identities, we performed a systematic 
analysis of each of the heteromorphic variants designed by Bryan and co-workers 
(Alexander, et al. 2007; He, et al. 2008), considering also the natural GB domain, known 
as GB1.  The proteins characterized with the folding perspective were: Gb1, Gb30, 
Gb77, Gb88, Ga30, Ga77, Ga88, KIX domain and c-Myb. 
4.1.1 Folding characterization of GB1 
 
To study the folding mechanism of GB1, both equilibrium and kinetic experiments were 
carried out. GB1 folding pathway was extensively characterized at 25 °C, under 
different pH conditions, exploring a wide range from 2.0 to 9.6.  
4.1.1.1 Equilibrium denaturations 
 
Guanidine-induced equilibrium denaturations of GB1, monitored by fluorescence 
spectroscopy, were obtained at 25°C exploring a wide range of pH, from 2.0 to 9.6 
(Figure 4.1). Equilibrium denaturations were fitted both individually and globally with 
shared mD-N value. Values obtained from the global analysis are listed in Table 4.1. 
They were consistent within error with the values obtained by fitting individually each 
independent equilibrium experiments, as well as with the value calculated from kinetic 
experiments, confirming the two-state nature of the equilibrium unfolding transition of 
GB1. The denaturation profiles were consistent with a two-state unfolding and returned 
an m-value of 1.75 ± 0.2 kcal mol
-1
 M
-1
. 
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Figure 4.1. Equilibrium denaturations of GB1 monitored by fluorescence in a wide 
range of pH, from 2.0 to 9.6, at 25°C (! , pH 2.0; ! , pH 2.5; ! , pH 3.0; ! , pH 3.5; 
" , pH 4.0; !, pH 4.5; ! , pH 5.0; ! , pH 6.0; ! , pH 6.5; " , pH 7.0; # , pH 7.5; ! , 
pH 8.0; # , pH 8.5; " , pH 9.0; # , pH 9.6). Lines represents the best fit to a two state 
unfolding transition. 
4.1.1.2 Kinetic experiments  
 
The folding and unfolding kinetics of GB1 were investigated at several pH values, 
ranging from 2.0 to 9.6. In all cases, folding and unfolding time courses were fitted 
satisfactorily to a single exponential decay at any final denaturant concentration. Semi-
logarithmic plots of the observed folding/unfolding rate constants of GB1 versus 
guanidine concentration (chevron plots) at the different pH values are presented in 
Figure 4.2. 
Surprisingly, the unfolding arm of the chevron plots at pH values higher than 6.0 shows 
a deviation from linearity that becomes evident at high guanidine concentrations (roll 
over effect). This effect escaped previous studies probably because of the restricted 
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range of experimental conditions, limited to [GdnHCl] < 5.5 M (Park, et al. 1997; 
McCallister, et al. 2000).  
Indeed, if we were to ignore the data we recorded for [GdnHCl] > 5.5 M, the unfolding 
arm of the chevron plots would appear essentially linear but would display a puzzling 
change in slope in the different experimental conditions. 
 
 
Figure 4.2. Chevron plots of GB1 measured from pH 2.0 to pH 9.6. Three-dimensional 
graph was obtained with Origin software. Lines are the best global fit to a three-state 
equation with shared m-values (Gianni, et al. 2007b). Exclusion of data [GdnHCl] > 
5.5 M would result in a quasi-linear unfolding arm with an apparent change in 
unfolding m-values. 
 
 
The deviation from linearity of the chevron plots of GB1is highlighted in Figure 4.3 
where the chevron plot obtained at pH 9.0 is reported together with the residuals of the 
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fit, showing a clear systematic deviation from the expected values for a two-state 
behavior.  
As reported in the Introduction Section, a deviation from linearity in either the folding 
or the unfolding branches may be considered of diagnostic value for the identification of 
intermediates (Parker, et al. 1995; Wildegger and Kiefhaber 1997). If a partially folded 
intermediate is present, the folding kinetics can be described by a three-state mechanism 
and the observed chevron plots can be fitted by numerical analysis based on a three-
state model following the Equation 3.11 reported in Methods Section. 
 
 
 
Figure 4.3. Chevron plot of wild-type GB1 measured at pH 9.0. The grey line is the best 
fit to a two-state equation. The residuals of the fit, showing a clear systematic deviation 
from the expected values for a two-state behavior, are reported below the graph. 
Inclusion of data at [GdnHCl] > 5.5 M are critical to detect the roll-over effect. 
 
 
Parameters calculated from global analysis (listed in Table 4.1) allow the identification 
of the relative positions of the two activation barriers along the reaction coordinate in 
terms of their relative accessible surface area (Tanford $-value), resulting in a $T-value 
of 0.76 ± 0.04 for the transition state TS1 and 0.93 ± 0.04 for the native-like activation 
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barrier TS2. The excellent statistical parameters of the global analysis indicate that the 
two activation barriers are robust to changes in pH conditions and display a conserved 
solvent accessible surface area when pH and protein stability are altered. 
 
pH kDI 
(s
-1
) 
kNI/(1+ Kpart) 
 (s
-1
) 
Kpart !GD-N 
a
 
(kcal mol
-1
) 
!GD-N 
b
 
(kcal mol
-1
) 
2.0 1000 ± 90 11.0 ± 3.0 1.7 ± 0.2 2.7 ± 0.3 3.9 ± 0.8 
2.5 1000 ± 90 19.2 ± 4.8 3.0 ± 0.4 2.3  ± 0.2 3.0 ± 0.7 
3.0 1050 ± 95 5.2 ±1.3 0.9 ±0.1 3.1  ± 0.4 3.8 ± 0.4 
3.5 1200 ± 120 5.1 ±1.3 1.2 ±0.1 3.2 ± 0.2 3.9 ± 0.4 
4.0 1400 ± 120 1.3 ± 0.3 0.42 ± 0.09 4.1± 0.2 4.5 ± 0.4 
4.5 1800 ± 170 0.4 ± 0.1 0.20 ± 0.04 5.0 ± 0.2 4.2 ± 0.4 
5.0 1300 ± 120 0.15 ± 0.04 0.09 ± 0.02 5.3 ± 0.2 4.9 ± 0.5 
5.5 1370 ± 100 0.15 ± 0.04 0.13 ± 0.03 5.4 ± 0.1 4.6  ± 0.5 
6.0 720 ± 70 0.12 ± 0.03 0.09 ± 0.02 5.1 ± 0.1 5.2  ± 0.5 
6.5 830 ± 70 0.14 ± 0.04 0.10 ± 0.02 5.1 ± 0.2 4.7  ± 0.5 
7.0 670 ± 70 0.19 ± 0.05 0.12 ± 0.02 4.8 ± 0.2 5.3  ± 0.5 
7.5 630 ± 70 0.27 ± 0.07 0.11 ± 0.02 4.6 ± 0.2 4.3 ± 0.4 
8.0 600 ± 60 0.4 ± 0.1 0.12 ± 0.03 4.3 ± 0.3 4.3 ± 0.4 
8.5 500 ± 40 0.6 ± 0.2 0.11 ± 0.02 3.9 ± 0.2 3.8 ± 0.4 
9.0 390 ± 40 0.9 ± 0.2 0.13 ± 0.03 3.6 ± 0.2 3.3 ± 0.3 
9.6 220 ± 25 1.3 ± 0.3 0.11 ± 0.02 3.0 ± 0.2 3.0 ± 0.3 
 
Table 4.1. Folding parameters of GB1 as a function of pH. 
a
Calculated from chevron plot analysis. The 
chevron plots were fitted globally to a three-state model with shared m values. kDI  is the microscopic rate 
constant for the formation of the intermediate from the denatured state; kNI is the microscopic rate 
constant for the unfolding of the native state to the intermediate state; Kpart is the partitioning factor 
kID/kIN reflecting the difference between the activation barriers for the intermediate to revert to the 
reagents rather than proceeding to the products. The analysis returned a total mD-N = 1.95 ± 0.2 kcal mol
-
1
 M
-1
. The Tanford # values for the two transition states were #TS1 = 0.76 ± 0.04 and #TS2 = 0.93 ± 0.04. 
b
Calculated from equilibrium experiments. Equilbrium denaturation curves were fitted both individually 
and globally with shared mD-N value. The global analysis returned mD-N = 1.75 ± 0.2 kcal mol
-1
 M
-1
. This 
value was consistent within error with the values obtained by fitting individually each independent 
equilibrium experiments, as well as with the value calculated from kinetic experiments. 
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4.1.1.3 The effect of pH on the folding kinetics of GB1 
 
The analysis of the chevron plots reported in Figure 4.8 allowed measuring the folding 
and unfolding rate constants of GB1 over a very wide range of pH. The folding rate 
constants display a negligible dependence on pH (data not shown). A plot of the 
logarithm of apparent unfolding rate constants from the native state to TS2 (kNI) and TS1 
(formally equivalent to kNI/(1+Kpart)) as a function of pH are reported in Figure 4.10.  
 
 
 
Figure 4.4 Unfolding rate constants versus pH. Logarithm of calculated unfolding rate 
constants from the native state N to the first transition state ku(TS1) and from the native 
state N to the second transition state ku(TS2) as a function of pH. The lines are the best 
fit to a model involving the protonation of two groups. In both cases, we obtained the 
same approximate pKa of ~ 4 and ~ 8.   
 
 
Interestingly, both TS1 and TS2 display sigmoidal transitions at acidic and alkaline pH 
consistent with protonation of at least two groups in the native state with apparent pKa 
of ~ 4 and ~ 8. Importantly, the acid transition for the unfolding rate constant of TS1 
(changing by almost two orders of magnitude) is more pronounced than that for the 
unfolding rate constant of TS2 (changing by less than an order of magnitude), 
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suggesting the contribution of a salt bridge that is weak or not formed in TS1, but is 
consolidated in TS2.  
 
4.1.2 !-value analysis of the GA and GB variants 
 
To test how sequence composition versus topology dictates the folding of 
proteins, we performed an extensive "-value analysis on six different proteins (see 
Figure 1.9 in introduction section), three variants of the GA domain of staphylococcal 
protein G (i.e. GA30, GA77 and GA88), and three variants of the GB domain (i.e. GB30, 
GB77 and GB88). A total of 132 mutants were produced, purified and characterized by 
equilibrium and kinetic folding experiments.  
Performing a complete "-value analysis demands a careful selection of the 
experimental conditions. In fact, the protein of interest must be stable enough to allow 
accurate determination of the folding kinetics for its destabilized mutants, but it must 
not be too stable otherwise its unfolding kinetics may be difficult to evaluate with the 
necessary accuracy. As detailed below, since the three pairs of proteins characterized in 
this work and their site directed variants displayed widely different thermodynamic 
stabilities as well as different sensitivities to changes in ionic strength, we optimized the 
experimental conditions for each protein with regard to temperature and type of 
denaturant (i.e. urea or GdnHCl). In addition, in an effort to test the robustness of the 
folding pathway, a limited set of " values was measured for each protein at more than 
one experimental condition, while the full set of " values was obtained for each system 
at pH 7.2.  
 
GA proteins. Urea induced equilibrium transitions of GA30, GA77 and GA88 were 
measured at 25!C and pH 7.2 in 50 mM sodium phosphate buffer. A typical equilibrium 
denaturation profile for each protein is reported in Figure 4.5 (A-C).  
While in the case of GA77 and GA88 we could observe monotonic sigmoidal 
transitions, GA30 was found to be too stable and was not fully denatured even at very 
high urea concentrations; therefore, in the case of GA30 we performed (un)folding 
experiments using GdnHCl. Because of the ionic nature of GdnHCl, we could not 
perform (un)folding experiments with this denaturant on GA77 and GA88, since their 
stabilities display a pronounced dependence on ionic strength, as shown by folding 
experiments in the presence of sodium chloride.  
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Figure 4.5. Equilibrium denaturation of GA (up panels) variants monitored by CD in 
50mM sodium phosphate buffer at pH 7.2. As detailed in the text, because of the very 
different thermodynamic stabilities of the proteins, the equilibrium denaturations were 
performed at different experimental conditions: the unfolding experiment of GA30 was 
performed at 25°C using GdnHCl; GA77 and GA88 experiments were performed at 10°C 
using urea.  
 
We extensively studied the folding and unfolding kinetics of GA30, GA77 and 
GA88 by stopped-flow and temperature jump (T-jump) experiments. In the case of GA77 
and GA88, it was not possible to measure reliable folding and unfolding rate constants at 
25 °C over a wide range of denaturant concentration, because reactions were too fast for 
our stopped-flow apparatus; thus, kinetic folding data for the two proteins were 
recorded at 10 °C. In all cases, the folding and unfolding time courses were fitted 
satisfactorily to a single exponential decay at any final denaturant concentration. Semi-
logarithmic plots of the observed folding/unfolding rate constants of GA30, GA77 and 
GA88 versus denaturant concentration (i.e. chevron plots) are presented in Fig. 4.6 (A-
C).  All proteins displayed a V-shaped chevron plot, a hallmark of two-state folding 
(Fersht, 1999). Two-state folding was further confirmed by the excellent agreement 
between the thermodynamic parameters obtained by equilibrium and kinetic data. These 
data parallel earlier studies on GA88 (Morrone et. a., 2011), and confirm that this protein 
system folds via a two-state folding pathway with an unstructured denatured state. 
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Figure 4.6. Chevron plots of GA variants. Semilogarithmic plot of the observed rate 
constant for folding and unfolding of GA30, GA77 and GA88 versus [denaturant] 
measured at pH 7.2.  
 
We addressed the structural features of the transition state for folding of the GA 
proteins by "-value analysis. A total of 50 mutants were produced: 14 for GA30, 17 for 
GA77 and 19 for GA88. Three mutants expressed poorly or were too unstable to be included 
in the analysis. The remaining 47 were subjected to equilibrium and kinetic folding 
experiments (Figures 4.7, 4.8, and 4.9).  
In some cases, the folding and unfolding rate constants were too fast for the stopped-flow 
methodology and were determined using a capacitor-discharge T-jump apparatus. Fitted 
parameters are listed in Table 4.2, 4.3 and 4.4. 
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Figure 4.7. Chevron plots of wild-type (red filled circles) and mutants (blue and green 
filled squares) of GA30. Observed rate constants were measured as a function of 
GdnHCl at pH 7.2 and 25°C. All the chevron plots were obtained by employing the 
stopped-flow apparatus, except for the mutants L20A, V39A and V42A (green filled 
squares) measured by Temperature-jump. Lines are the best fit to a two-state model.  
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Table 4.2. Kinetic and thermodynamic parameters for the folding of GA30 site-directed 
mutants, at pH 7.2 and 283 K. 
 
 
kF 
(s
-1
) 
kU 
(s
-1
) 
!GD-N 
(kcal mol
-1
) 
!!GD-TS 
(kcal mol
-1
) 
! !GD-N 
(kcal mol
-1
) 
" Tm 
(K) 
WT 7800 ± 250 2.4 ± 0.1 4.5 ± 0.02              357 ±  9 
I17V 4400 ± 130 5.1 ± 0.2 3.8 ± 0.02 0.32 ± 0.05 0.75 ± 0.01 0.43 ± 0.06 357 ± 10 
L20A 5900 ± 100 98 ± 2 2.3 ± 0.01 0.16 ± 0.03 2.2 ± 0.01 0.07 ± 0.01 341 ±  2 
Y23A 8500 ± 350 3.7 ± 0.2 4.3 ± 0.02 0.05 ± 0.04 0.19 ± 0.01  *   361 ± 25 
I25V 5900 ± 300 2.4 ± 0.2 4.4 ± 0.03 0.15 ± 0.05 0.17 ± 0.01  *    360 ±  2 
Y29A 4480 ± 100 3.4 ± 0.1 4.0 ± 0.01 0.31 ± 0.04 0.51 ± 0.01 0.61 ± 0.08 353 ±  6 
I30V 3800 ± 100 4.2 ± 0.1 3.8 ± 0.01 0.41 ± 0.05 0.72 ± 0.01 0.56 ± 0.06 359 ± 22 
L32A 5300 ± 200 4.7 ± 0.2 3.9 ± 0.02 0.22 ± 0.04 0.60 ± 0.01 0.37 ± 0.07 348 ±  1 
A36G 3300 ± 100 16 ± 0.4 3.0 ± 0.01 0.48 ± 0.05 1.5 ± 0.01 0.31 ± 0.03 345 ±  2 
T38S 8200 ± 250 3.8 ± 0.2 4.3 ± 0.02 0.03 ± 0.03 0.24 ± 0.01  *    357 ±  3 
V39A 7700 ± 100 45 ± 1 2.9 ± 0.01 0.01 ± 0.02 1.7 ± 0.02 0.00 ± 0.01 344 ±  5 
V42A 3600 ± 100 210 ± 10 1.6 ± 0.01 0.43 ± 0.05 2.9 ± 0.02 0.15 ± 0.02 342 ±  2 
L45A 3420 ± 100 7.6 ± 0.2 3.4 ± 0.01 0.46 ± 0.05 1.1 ± 0.02 0.42 ± 0.04 354 ±  6 
I49V 6700 ± 120 7.0 ± 0.2 3.8 ± 0.01 0.08 ± 0.03 0.69 ± 0.01 0.12 ± 0.04 356 ± 10 
L50A 5100 ± 110 21 ± 1 3.1 ± 0.01 0.24 ± 0.04 1.5 ± 0.01 0.16 ± 0.03 345 ±  2 
 
Kinetic and thermodynamic parameters of wild-type (WT) and mutant GA30 
proteins calculated from chevron plot analysis and equilibrium heat-induced 
denaturation. The chevron plots were fitted globally to a two-state model. The 
Tanford #-value for the transition state was #TS = 0.69 ± 0.04. * Mutants with 
$$G D-N too low (<0.35 kcal mol
-1
) to calculate a reliable ! value. 
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Figure 4.8. Chevron plots of wild-type (red filled circles) and mutants (blue filled 
squares) of GA77. Observed rate constants were measured as a function of urea at pH 
7.2 and 10°C. All the chevron plots were obtained by employing the stopped-flow 
apparatus. Lines are the best fit to a two-state model. 
 
 
 
 
 
 
 
Chapter 4: Results 
 
 51 
Table 4.3. Kinetic and thermodynamic parameters for the folding of GA77 site-directed 
mutants, at pH 7.2 and 283 K. 
 
  
kF 
(s
-1
) 
kU 
(s
-1
) 
! !GD-N 
(kcal mol
-1
) 
" Tm 
(K) 
WT 2460 ± 50 3.8 ± 0.2        350 ±  2 
A12G *              
A16G *              
I17V 990 ± 20 2.4 ± 0.1 0.26 ± 0.01 †    337 ± 26 
L20A 1540 ± 30 136 ± 10 2.3 ± 0.02 0.12 ± 0.01 352 ± 22 
A23G 1100 ± 60 14 ± 1 1.2 ± 0.01 0.37 ± 0.03 331 ±  1 
I25V 2870 ± 100 3.2 ± 0.3 0.17 ± 0.01 †    328 ±  1 
A26G 1320 ± 70 4.0 ± 0.1 0.38 ± 0.01 0.91 ± 0.07 339 ±  2 
Y29A 480 ± 30 12 ± 1 1.5 ± 0.01 0.59 ± 0.04 352 ±  6 
I30V 1120 ± 50 3.8 ± 0.2 0.45 ± 0.01 0.98 ± 0.07 343 ±  5 
L32A 1200 ± 50 11 ± 0.3 0.98 ± 0.01 0.41  0.03 335 ±  5 
A34G 990 ± 50 2.9 ± 0.1 0.36 ± 0.01 1.40 ± 0.09 341 ±  1 
A36G 1100 ± 50 21 ± 0.6 1.4 ± 0.01 0.32 ± 0.02 341 ±  2 
T38S 2300 ± 80 10 ± 0.3 0.56 ± 0.02 0.07 ± 0.03 337 ±  3 
V39A 2800 ± 100 27 ± 2 1.0 ± 0.04 0.07 ± 0.01 325 ±  1 
V42A 1600 ± 40 119 ± 11 2.2 ± 0.01 0.11 ± 0.01 343 ±  4 
T44S 3000 ± 50 3.1 ± 0.1 0.22 ± 0.01 †    321 ±  2 
L45A 1370 ± 50 15 ± 0.6 1.1 ± 0.01 0.30 ± 0.03 317 ±  5 
 
Kinetic and thermodynamic parameters of wild-type (WT) and mutant GA77 
proteins calculated from chevron plot analysis and equilibrium heat-induced 
denaturation. The chevron plots were fitted globally to a two-state model. The 
Tanford #-value for the transition state was #TS = 0.75 ± 0.04. *These mutants 
expressed poorly and could not be characterized. † Mutants with $$G D-N too low 
(<0.35 kcal mol
-1
) to calculate a reliable ! value. 
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Figure 4.9. Chevron plots of wild-type (red filled circles) and mutants (blue and green 
filled squares) of GA88. Observed rate constants were measured as a function of urea at 
pH 7.2 and 10°C. All the chevron plots were obtained by employing the stopped-flow 
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apparatus, except for the mutants A12G, L20A and V42A (green filled squares) 
measured by Temperature-jump. Lines are the best fit to a two-state model. 
 
 
 
 
Table 4.4. Kinetic and thermodynamic parameters for the folding of GA88 site-directed 
mutants, at pH 7.2 and 298 K. 
 
  
kF 
(s
-1
) 
kU 
(s
-1
) 
! !GD-N 
(kcal mol
-1
) 
" Tm 
(K) 
WT 1500 ± 100 6.4 ± 0.8          345 ± 4 
A12G 5000 ± 780 1000 ± 90 2.1 ± 0.02 0.32 ± 0.00 346 ± 2 
A16G *              
I17V 700 ± 30 7.7 ± 0.8 0.52 ± 0.01 0.81 ± 0.14 333 ± 3 
L20A 670 ± 110 280 ± 20 2.5 ± 0.02 0.18 ± 0.00 333 ± 4 
A23G 770 ± 40 37 ± 3 1.3 ± 0.02 0.27 ± 0.06 336 ± 5 
I25V 1500 ± 30 7.6 ± 0.9 0.09 ± 0.00 †    329 ± 6 
A26G 760 ± 30 10 ± 1.0 0.62 ± 0.01 0.61 ± 0.11 340 ± 2 
Y29A 210 ± 20 32 ± 3 2.0 ± 0.09 0.55 ± 0.11 340 ± 1 
I30V 500 ± 20 9.4 ± 0.9 0.81 ± 0.01 0.74 ± 0.12 320 ± 3 
A34G 410 ± 3 6.1 ± 0.1 0.68 ± 0.01 1.04 ± 0.14 336 ± 3 
A36G 200 ± 4 42 ± 1 2.2 ± 0.03 0.52 ± 0.09 338 ± 3 
T38S 1200 ± 20 16 ± 0.3 0.61 ± 0.01 0.20 ± 0.06 333 ± 4 
V39A 950 ± 20 39 ± 1 1.2 ± 0.01 0.20 ± 0.04 334 ± 3 
V42A 610 ± 10 260 ± 25 2.6 ± 0.06 0.20 ± 0.03 354 ± 6 
T44S 1770 ± 60 7.1 ± 0.5 0.05 ± 0.01 †    322 ± 3 
L45A 1930 ± 80 63 ± 7 1.9 ± 0.02 0.07 ± 0.01 341 ± 3 
I49A 1210 ± 40 51 ± 5 1.3 ± 0.01 0.09 ± 0.03 328 ± 1 
L50A 1970 ± 30 89 ± 8 1.3 ± 0.01 0.12 ± 0.02 339 ± 2 
T51S 3050 ± 50 4.3 ± 0.1 0.63 ± 0.01 0.64 ± 0.03 329 ± 3 
 
Kinetic and thermodynamic parameters of wild-type (WT) and mutant GA88 proteins 
calculated from chevron plot analysis and equilibrium heat-induced denaturation. The 
chevron plots were fitted globally to a two-state model. The Tanford #-value for the 
transition state was #TS = 0.72 ± 0.04. *These mutants expressed poorly and could not 
be characterized. † Mutants with $$G D-N too low (<0.35 kcal mol
-1
) to calculate a 
reliable ! value. 
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Following a generally accepted convention (Fersht et. al., 1992; Geierhaas et. 
al., 2008; Gianni et. al., 2010; Ivarsson et. al., 2009), the experimentally determined "-
values were grouped in three different classes and mapped on the native structure of the 
GA protein (Figure 4.10): small values ("<0.3; red), intermediate values (0.3 < " < 0.7; 
magenta) and large values (">0.7; blue). Inspection of Figure 4.10 clearly reveals that 
the folding nucleus is by-and-large conserved in all the GA proteins, with the highest " 
values clustered at the interface between helix 1 and helix 2, suggesting that, in the case 
of such a two-state system, the dominant folding mechanism is very robust to 
perturbations of the primary structure. 
 
Figure 4.10. Structural distribution of the measured "-values on the native structures of 
GA30, GA77 and GA88. The experimentally determined " values were divided into three 
categories and reported on the structure of GA variants using the following color code: 
red, 0 < " < 0.30; magenta, 0.30 < " < 0.70; blue, 0.70 < " < 1. A  conserved nucleus 
between the helices # 1 and  # 2 is clearly evident in all the GA variants. 
 
GB proteins.  
The equilibrium unfolding transitions of GB30, GB77 and GB88 are reported in Figure 
4.11. In all cases, we observed a monotonic sigmoidal transition, suggesting the absence 
of equilibrium intermediates.  
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Figure 4.11. Equilibrium denaturation of GB variants monitored by CD in 50mM sodium 
phosphate buffer at pH 7.2. As detailed in the text, because of the very different 
thermodynamic stabilities of the proteins, the equilibrium denaturations were performed 
at different experimental conditions: the unfolding denaturations of GB30 and GB77 
were carried out at 25°C using GdnHCl; and GB88 experiment was performed at 25°C 
using urea and 0.4M sulfate. 
 
The folding pathway of the GB proteins is inherently more complex than that of the GA 
partners. As previously discussed in Gb1 protein, a curvature is detected only at high 
concentrations of GdnHCl, giving the opportunity to see experimentally both the early 
and late folding events. Consequently, we resorted to study the folding of GB30, GB77 
and GB88 at 25"!C and pH 7.2 in 50 mM sodium phosphate buffer, using GdnHCl as a 
denaturing agent. Unfortunately, however, in the case of GB88, many of its site-directed 
variants were poorly soluble at moderate concentrations of GdnHCl and we could not 
obtain reliable folding data on this system with this denaturant. Furthermore, the low 
stability of this variant did not allow us to perform a complete "-value analysis in the 
absence of the stabilizing agent sodium sulphate. All folding studies of GB88 were 
therefore carried out using urea as denaturant and in the presence of 0.4 M sodium 
sulphate.  
 
The chevron plots for GB30, GB77 and GB88 as a function of denaturant concentration, 
at 25"!C and pH 7.2, are reported in Figure 4.12.  It is evident that, in analogy to what 
previously observed for GB1, both GB30 and GB77 display a pronounced curvature in 
their unfolding arms, as expected for a three-state folding mechanism (Parker et. al., 
1995; Wildegger et. al., 1997). In the case of GB88, while we could not detect such a 
curvature when performing the experiments in urea, data recorded in the presence of 
high concentrations of GdnHCl were similar to those of GB30 and GB77 (Figure 4.11). 
This observation suggests that all the GB variants appear to conform to a three state 
folding mechanism. 
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Figure 4.12. Chevron plots of GB variants. Semilogarithmic plot of the observed rate 
constant for folding and unfolding of GB30, GB77 and GB88 versus [denaturant] 
measured at pH 7.2. 
 
 
 
Figure 4.13. Chevron plots of wild-type (red filled circles) and representative mutants 
(blue filled squares) of GB88. Observed rate constants were measured as a function of 
GdnHCl at pH 7.2 and 25°C. As detailed in the text, data recorded in the presence of 
high concentration of GdnHCl were similar to those of GB30 and GB77. Lines are the 
best fit to a three-state model. 
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We addressed the structural features of the early and late transition states for folding of 
the GB proteins by "-value analysis. We produced a total of 82 mutants: 24 for GB30, 
27 for GB77 and 31 for GB88. 16 variants expressed poorly or were too unstable to be 
included in the analysis. The remaining 66 were subjected to equilibrium and kinetic 
folding experiments (Figures 4.14, 4.15, 4.16).  In the case of GB30 and GB77, the data 
for each variant were globally fitted to a three-state equation with m-values assumed to 
be the same as those of the wild-type proteins. All data were in agreement with a three 
state mechanism involving the presence of two folding transition states, a more 
denatured-like TS1 ($=0.77 and $=0.69 for GB30 and GB77, respectively) and a native-
like TS2 ($ =0.97 for both the proteins). On the other hand, in the case of GB88, because 
of the low solubility of its variants in the presence of GdnHCl, we could perform the 
experiments only in the presence of urea, obtaining structural information only on the 
early transition state TS1 ($ =0.81). 
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Figure 4.14. Chevron plots of wild-type (red filled circles) and mutants of GB30. 
Observed rate constants were measured as a function of GdnHCl at pH 7.2 and 25°C. 
All the chevron plots showing a roll-over effect, hallmark of an on-pathway 
intermediate, were fitted to a three-state equation. Lines are the best fit to this model. 
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Figure 4.15. Chevron plots of wild-type (red filled circles) and mutants of GB77. 
Observed rate constants were measured as a function of GdnHCl at pH 7.2 and 25°C. 
All the chevron plots showing a roll-over effect were fitted to a three-state equation. 
Lines are the best fit to this model. 
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Figure 4.16. Chevron plots of wild-type (red filled circles) and mutants of GB88. 
Observed rate constants were measured as a function of urea at pH 7.2 and 25°C in 
presence of 0.4 M sulfate. Lines are the best fit to a two-state model. 
 
A graphic depiction of the structural distribution of the measured "-value for 
TS1 and TS2 of GB30 and GB77 and of TS1 of GB88 is reported in Figure 4.15. It is 
interesting to note that the distribution of the measured "-values for the first transition 
state ("TS1), plotted on the native structure of GB, show considerable differences among 
GB30, GB77 and GB88. In fact, looking at GB30 and GB88, a shift of the medium-high 
"-values from the first $-hairpin to the second, with GB77 displaying an intermediate 
behaviour (Figure 4.17), may be appreciated. This trend indicates that alternative 
folding nuclei, located at the hairpins between either $1-$2 or $3-$4, drive the folding 
to the GB-topology. These nuclei may be selectively stabilized depending on amino acid 
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composition. Remarkably, in the native-like transition state TS2, which we could infer 
only for GB30 and GB77, both nuclei appear in the process of being folded and the two 
transition states display a similar overall structure, indicating that the alternative folding 
pathways converge as the native state is approached. In order to compare the "-values 
obtained under different conditions, kinetic experiments of some mutants were 
performed with both guanidine and urea. The calculated "-values were approximately 
the same; the folding mechanism of the GB proteins is therefore not affected by the 
nature of the denaturant agent used to obtain the data (see Figure 4.18 in which the 
structural distribution of the measured "-values for TS1 of GB77 obtained in presence 
of GdnHCl (A) and urea (B) is represented). 
 
 
 
Figure 4.17. Structural distribution of the "-values, measured for the first transition 
state, on the native structures of GB30, GB77 and GB88. The experimentally determined 
" values were divided into three categories and reported on the structure of GB variants 
using the following color code: red, 0 < " < 0.30; magenta, 0.30 < " < 0.70; blue, 0.70 
< " < 1. As detailed in the Discussion, by considering GB30 and GB88, it is possible to 
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observe, a shift of the medium-high "-values from the first $-hairpin to the second, 
with GB77 displaying an intermediate behavior. 
 
 
 
 
 
 
 
 
 
Figure 4.18. Structural distribution of the "-values for the first transition state of GB77 
measured in presence of GdnHCl (A) and urea (B) The experimentally determined "-
values were divided into three categories and reported on the structure of GB77 using 
the following color code: red, 0< " <0.30; magenta, 0.30 < "< 0.70; blue, 0.70 < " < 1.  
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4.2: Folding and Binding characterization of KIX and its interacting 
partner Trans Activation Domain of the hematopoetic transcription 
factor cmyb, an IDP:  
 
4.2.1 Folding Mechanism of Kix Domain:  
 
 The dependence of the folding and unfolding rate constants of KIX 
versus denaturant concentration are reported in Figure 4.2.1. Data are 
superposed with those previously measured in reference (Horng et. al., 2005). 
It may be noticed that, while there is an excellent overall agreement between 
the data set obtained by this laboratory with those previously published, a 
clear difference could be observed in the region of the folding branch 
recorded at low denaturant concentration (i.e. at [urea] < 1.5 M). Prompted 
by such deviation, to circumvent the intrinsic limitations of standard stopped-
flow instruments, we resorted to complement the experimental data set with 
experiments carried out with an ultra-rapid in-house built continuous flow 
instrument. A typical refolding trace of KIX measured in the presence of 
10mM phosphate and 150mM NaCl buffer at pH 7.5 and 0.6 M [urea] is 
reported in Figure 4.2.2A.  
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Figure 4.2.1 Chevron plot of KIX obtained by stopped-flow. Semilogarithmic 
plot of the observed rate constants for folding and unfolding of KIX versus 
[urea] at pH 7.5 at 25 °C in 10 mM NaPi and 150 mM NaCl. The chevron 
plots of Kix protein with His-Tag (grey circles) and without His-Tag (black 
open circles) obtained by stopped-flow are superposed with that previously 
published by Horng et al. (black filled circles). 
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Figure 4.2.2 Folding kinetics of KIX measured by stopped flow and 
continuous-flow. A) Refolding trace of KIX measured by continuous-flow 
apparatus. The trace was obtained in 10mM Sodium Phosphate and 150mM 
NaCl buffer at pH 7.5 and in presence of 0.6 M urea concentration. B) 
Semilogarithmic plot of the observed rate constants for folding and unfolding 
of KIX versus [urea] at pH 7.5 in 10mM NaPi and150mM NaCl obtained by 
stopped- (!) and continuous-flow ("). 
 
The complete chevron plot from stopped- and continuous-flow experiments 
is reported in Figure 4.2.2 B. It may be noticed, that, on the contrary of what 
previously observed, the roll-over is completely lost when the refolding rate 
constant is measured with an instrument characterized by a much lower dead-
time. This observation suggests that previous observation of roll-over effect 
is most likely due to the intrinsic limitations of the stopped-flow 
methodology. Furthermore, an underestimation of the refolding rate constant 
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would correspond to an artifactual burst-phase in the amplitude analysis (an 
underestimated rate constant leads to an underestimated amplitude).  
In an effort to further investigate the presence/absence of a roll-over effect in 
the folding of KIX, we carried out folding experiments in the presence of a 
stabilizing salt, namely in the presence of 0.4 M sodium sulfate (Figure 
4.2.4). As expected, the presence of 0.4 M sulfate results in a shift of the 
denaturation midpoint to higher concentration (i.e. 4 M in the absence of 0.4 
M sodium sulfate; 5 M in its presence). Furthermore, the observed folding 
rate constants are increased by a factor of 3. In analogy to what observed in 
the absence of sodium sulfate, when the data are recorded using both the 
stopped- and the continuous-flow methodology, all kinetic data displayed 
mono-exponential behavior with no indications of refolding roll-over effect 
(a typical refolding trace of KIX recorded in presence of 0.4 M sodium 
sulfate is reported in Figure 4.2.3).  In turn, contrary to what previously 
reported, the chevron plot of KIX appears to satisfy a simple two-state 
folding without the accumulation of intermediates.  
 
 
 
 
 
Figure 4.2.3 Refolding trace of KIX recorded by continuous-flow. The 
trace was obtained in 10mM Sodium Phosphate, 150mM NaCl, and 0.4 M 
Na2SO4 buffer at pH 7.5 in presence of 0.54 M urea concentration. 
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Figure 4.2.4 Folding kinetics of KIX measured in presence of sodium 
sulphate.  Semilogarithmic plot of the observed rate constants for folding 
and unfolding of KIX versus [urea] at pH 7.5 in 10mM NaPi and 150mM 
NaCl obtained in presence of 0.4 M Na2SO4 by stopped-(#) and continuous-
flow (!) and in its absence by stopped-flow ("). Stopped flow kinetics of 
KIX protein without hexa histidine tag is also reported here (!).  
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4.2.2 Folding and Binding characterization of KIX and 
cMybTAD:  
 
To address the structural properties of the transactivation domain of c-Myb, 
we carried out equilibrium circular dichroism (CD) experiments. The far-UV 
CD spectrum of c-Myb, reported in Fig. 4.3.1, shows absence of secondary 
structure, confirming that c-Myb is an IDP (Zor et. al., 2004). 
The molecule 2,2,2 trifluoroethanol (TFE), a well-known helix stabilizer, is 
routinely used to induce folding in peptides lacking structure in water 
(Jasanoff et. al., 1994; Myers et. al. 1998). Because c-Myb is helical once 
bound to its physiological partner KIX, we resorted to use TFE to induce its 
folding in the free state. The CD spectra of c-Myb recorded in the presence of 
different concentrations of TFE, reported in Fig. 4.3.1b, show that c-Myb 
undergoes a folding transition with an apparent midpoint at 18% v/v TFE. 
The dependence of the CD signal upon [TFE] conforms to a standard two-
state transition and allows calculating a folding free energy in water, !G = 
2.5 ± 0.5 kcal mol
-1
.  
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Figure 4.3.1. 
A) CD spectra of c-Myb measured in 50mM sodium phosphate buffer 
150mM KCl at pH 7.2 using a 1-cm cylindrical cuvette at 10°C with 
[protein] = 10 µM in presence of different concentration of TFE. Spectra are 
depicted in a grey scale varying from black (in the absence of TFE) to light 
grey (in the presence of 40% TFE). 
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Figure 4.3.1B) CD signal of cmyb upon [TFE] monitored at 222 nm in 
50mM sodium phosphate buffer, 150mM KCl at pH 7.2 and 10°C. Line is the 
best fit to a standard two state transition. 
 
 
 
The mechanism of binding of c-Myb to KIX. 
 
To study the mechanism of recognition between KIX and c-Myb, we 
produced different constructs characterized by a detectable fluorescence 
change upon binding. We first introduced a tryptophan residue, i.e. a good 
fluorescent probe, in the proximity of the binding pocket and produced a 
pseudo-wild-type Y72W variant, called pwtKIX (residue 72 is highlighted in 
Figure 4.3.2). The equilibrium binding transition of c-Myb to pwtKIX, 
monitored by fluorescence, is consistent with a simple hyperbolic behaviour, 
with an apparent KD of 20 ± 4 µMm measured at pH 7.2 in the presence of 
150 mM KCl and 25 °C (Figure 4.3.3).  
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Figure 4.3.2. Three dimensional structure of the complex between KIX and c-
Myb. Residue Tyr72, mutated to Trp in pwtKIX, is highlighted in sticks. 
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Figure 4.3.3 Equilibrium binding transition of c-Myb to pwtKIX monitored 
by fluorescence in 50mM sodium phosphate buffer,150mM KCl at pH 7.2.  
The emission wavelenght was 370 nm (excitation 280 nm). pwtKIX 
concentration was 1µM. Line is the best fit to a simple hyperbolic behavior. 
 
We studied the kinetics of binding of c-Myb to pwtKIX using a temperature 
jump discharge capacitor apparatus (TGK Instruments, UK). A mixture 
containing a constant concentration of pwtKIX (10 µM), incubated with 
different concentrations of c-Myb, was subjected to a 9 °C rapid temperature 
jump, with a shift from 16 to 25 °C. Under all conditions, the observed 
relaxation kinetics were consistent with a single exponential time-course, 
suggesting the absence of detectable intermediates. The observed dependence 
of the relaxation rate constant on c-Myb concentration is reported in Fig. 
4.3.4. Despite of the inherent complexity of the folding-and-binding 
recognition reaction between pwtKIX and c-Myb, the observed relaxation 
behavior displays a simple second-order linear dependence. Furthermore, the 
apparent KD of 30 ± 3 µM that can be calculated from the kinetic experiments 
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is consistent with the value obtained by equilibrium, supporting the lack of 
detectable intermediates. 
 
 
 
Figure 4.3.4 Observed dependence of the relaxation rate constants measured 
by T-jump apparatus in 50mM sodium phosphate buffer,150mM KCl at pH 
7.2, at different [c-Myb] in absence (!) and in presence of 5%TFE (") and 
7% TFE (#).Temperature was rapidly changed from 16 °C to 25°C with a 
jump-size of 9°C. The observed rate constants display a pseudo-first order 
linear dependence. 
B) Dependence of the activation energy for association and dissociation of 
the c-Myb-pwtKIX complex on the [TFE] (") compared to the effect of the 
equilibrium free energy of folding of c-Myb, as calculated from the 
equilibrium TFE tritation reported in Fig.4.3.1 (!). 
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To shed light on the function, is any, of disorder in IDP systems would 
require to clarify the order of events between folding and binding: does 
folding occur prior binding or do IDPs recognize their partner in a disordered 
conformation and fold only after binding? A monomeric protein undergoing 
a ligand induced conformational change can be described by a square 
mechanism: 
 
 
 
          
  
 
(Scheme 1) 
Where c-Myb
D
 and c-Myb
N
 denote the denatured and folded conformations 
of c-Myb, respectively. Complex formation progressing through pathway 1 
and 2 is representative of an induced-fit model, whereby ligand binding 
induces a conformational change (Koshland et. al., 1966), i.e. folding-after-
binding. Alternatively, binding progressing through pathway 3 and 4 assumes 
that two alternative conformations of c-Myb are in pre-equilibrium in the 
absence of the ligand, formally similar to a concerted model (Monod et. al., 
1965), or folding-before-binding.  
To distinguish between the two different scenarios, we performed T-jump 
experiments in the presence of increasing concentrations of TFE, which 
stabilizes the helical conformation of c-Myb (Figure 4.3.1). Remarkably, 
inspection of Figure 4.3.5  reveals that, while the presence of TFE has a 
negligible effect on the apparent association rate constant, it stabilizes the c-
Myb-KIX complex by lowering the dissociation rate constant. In these 
experiments, the highest concentration of TFE employed was 7% (v/v), 
because we found pwtKIX to precipitate at higher concentrations. In analogy 
to the so called "-value analysis in protein folding studies (Fersht et. al., 
c-Myb
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1992), the lack of stabilization of the rate limiting step suggests the folding 
transition state to be as unstructured as the denatured c-Myb. Consequently, it 
may be concluded that folding of c-Myb is a late event occurring rapidly after 
the main rate-limiting barrier and yielding the observed fluorescence 
quenching (Fig. 4.3.3), the overall reaction being consistent with a folding-
after-binding mechanism.  
A powerful method to infer quantitatively the effect of a perturbation on the 
reaction mechanism is to compare the effect on activation free energy with 
that on equilibrium (Leffler, 1953 ). Figure 4.3.5 depicts the dependence of 
the activation energy for the dissociation of the c-Myb-KIX complex on the 
[TFE], compared to the effect of the equilibrium free energy of folding of c-
Myb, as calculated from the TFE titration reported in Figure 4.3.2. The linear 
dependence of the two parameters on [TFE] is essentially the same, while the 
association rate constant is nearly insensitive to [TFE]. This finding strongly 
suggests that the stabilization of c-Myb in its helical folded conformation 
may account for all the stability the c-Myb-KIX complex. Furthermore, 
because the stabilization is due to a decrease of the dissociation rate constant, 
it may be concluded that the folding of c-Myb is a late step that occurs only 
downhill the main limiting barrier, i.e. c-Myb recognizes KIX in a disordered 
non-helical conformation. 
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Figure 4.3.5 Dependence of the c-Myb free energy calculated for the 
logarithm of the apparent association (!) and dissociation (") rate constants 
measured at different pH conditions. The apparent dissociation rate constants 
were obtained by a displacement experiment consisting in a rapid mixing of a 
pre-incubated complex between pwtKIX-c-Myb* with an excess of wtKIX. 
Lines are the best fit to an equation implying a single protonation site. 
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Fig. 4.3.6. Observed rate constants for the binding of pwtKIX to c-Myb (!) 
and the engineered c-Myb* (") construct containing a pro-domain of 
subtilisin at its N-terminal. The experiments were carried out in 50mM 
sodium phosphate buffer, 150mM KCl at pH 7.2 and 10°C. pwtKIX 
concentration was 1µM. 
 
 
Effect of pH on the binding kinetics 
 
In order to produce c-Myb in high yields using E.coli expression strains, we 
engineered a construct where the transactivation domain of c-Myb was fused 
to the pro-domain of subtilisin, denoted as c-Myb*. While this construct 
binds to pwtKIX with an overall affinity comparable to that of free c-Myb, an 
investigation of its binding kinetics (Figure 4.3.6) revealed a clear-cut effect 
on both the association and dissociation rate constants. These relatively 
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minor changes are most likely due to some steric hindrance induced by the 
presence of the large tag, but do not affect the KD for the binding to KIX. 
Furthermore, c-Myb* displayed the additional advantage of a much better 
signal to noise ratio compared to free c-Myb. Because of such improved 
signal to noise due to the tag, we resorted to expand the analysis of the 
mechanism of binding using c-Myb* and explored the effect of pH from 4 to 
9.  
The dependence of the observed rate constant on the concentration of c-
Myb*, depicted in Figure 4.3.7, shows that pH affects both the intercept and 
the slope, the overall behaviour nevertheless being consistent with a simple 
bimolecular reaction. To validate the pH dependence of the apparent 
dissociation rate constant, we carried out a full set of displacement kinetic 
experiments where a pre-incubated complex between pwtKIX and c-Myb* 
was rapidly mixed with an excess of wild-type KIX (i.e. the wild type 
domain with a Tyr at position 72). Under appropriate conditions, the reaction 
is rate limited by the dissociation of the pre-existing complex, with the excess 
of wild-type KIX substituting for the bound pwtKIX in the complex with c-
Myb*. The dissociation process was measured at different concentrations of 
wild-type KIX, ranging from 2 to 10 fold, and the observed rate constants 
were found to be insensitive to its concentration at all pH values (Figure 
4.3.8). This methodology allows estimating unequivocally the dissociation 
rate constants, in analogy to classical experiments on myoglobin  (Antonini 
and Brunori, 1971). 
A plot of the dependence of the apparent association and dissociation rate 
constants on pH is reported in Figure 4.3.9. Both rate constants increase with 
pH in a sigmoidal profile, consistent with the protonation of a single group; 
the apparent pKa’s for the association and dissociation rate constants are 4.2 
and 7.6, respectively. 
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Fig. 4.3.7. Observed rate constants for the binding of pwtKIX to c-Myb* 
measured under pseudo-first order conditions in presence of 150mM KCl at 
different pH conditions (% pH 4.0, ! pH4.5, " pH 5.0, ! pH 5.5, + pH 6.0, 
! pH 7.2, " pH 8.0, " pH8.5, $ pH 9.0). pwtKIX concentration was 1µM. 
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Fig. 4.3.8. Observed rate constants for the dissociation of the complex 
between pwtKIX and c-Myb* measured by rapidly mixing the pre-incubated 
complex with different concentrations of wtKIX under pseudo-first order 
conditions. The experiments were carried out in presence of 150mM KCl and 
1mM DTT at different pH conditions (! pH4.5, " pH 5.0, + pH 6.2, ! pH 7.2, 
" pH 8.0, " pH8.5, $ pH 9.0).  
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Figure 4.3.9. Dependence of the logarithm of the apparent association (!) 
and dissociation (") rate constants measured at different pH conditions. The 
apparent dissociation rate constants were obtained by a displacement 
experiment consisting in a rapid mixing of a pre-incubated complex between 
pwtKIX-c-Myb* with an excess of wtKIX. Lines are the best fit to an 
equation implying a single protonation site. 
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Chapter 5: Discussion 
 
5.1 Nearly identical yet different; the folding pathway of GA and 
GB proteins: 
 
To see the molecular determinants of heteromorphic pairs of proteins with 
increasing  
degree of sequence identity we carried out a systematic and very extensive 
analysis of each of the heteromorphic variants designed by Philip N. Bryan 
(Alexander, et. al., 2007; He, et. al., 2008), including the natural GA and GB 
domains. The natural GA domain does not contain any intrinsic fluorescence 
probes (i.e. no Trp) and differs by only three amino acids from the variant 
GA30. Therefore we omitted its characterization from our analysis and 
decided to focus on the folding pathway of GB1, a popular system for protein 
folding studies, as well as the set of heteromorphic pairs GA30 and GB30, 
GA77 and GB77, GA88 and GB88 (Figure 5.1).  
The extensive experimental results obtained for the different domains are 
briefly discussed below.  
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GA   MEAVDANSLA QAKKAAIKEL KQYGIGDYTI KLINNAKTVE GVESLKNEIL KALPTE 
GB1  MTYKLILNGK TLKGETTTEA VDAATAEKYF KQYANDNGVD GEWTYDDATK TFTVTE 
 
GA30 MEAVDANSLA QAKEAAIKEL KQYGIGEKYI KLINNAKTVE GVWSLKNEIL KALPTE 
GB30 MTYKLILNGK TLKGETTTEA VDAATAEKYF KLYANDKTVE GEWTYDDATK TFTVTE 
 
GA77  TTYKLILNLK QAKEEAIKEL VDAGIAEKYI KLIANAKTVE GVWTLKDEIL KATVTE 
GB77 TTYKLILNGK QLKEEAITEA VDAATAEKYF KLYANAKTVE GVWTYKDETK TFTVTE 
 
GA88 TTYKLILNLK QAKEEAIKEL VDAGIAEKYI KLIANAKTVE GVWTLKDEIL TFTVTE 
GB88 TTYKLILNLK QAKEEAIKEL VDAATAEKYF KLYANAKTVE GVWTYKDETK TFTVTE 
 
Figure 5.1. Structures and sequence alignments of the different GA and GB 
variants. All engineered GA and GB proteins, designed by Bryan and co-
workers, display structure and function similar to their respective natural 
wild-type domains GA and GB1. For each protein, amino acid identities are 
shown in blue and non-identities in gray.  
 
5.1.1 Detecting an unexpected folding intermediate in the Gb1 
protein: 
 
The folding pathway of the small #/$ protein GB1 has been extensively 
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studied during the past two decades using both theoretical and experimental 
approaches (Alexander, et. al., 1992; Clarke, et. al., 1999b; Krantz, et. al., 
2002; Ding, et. al., 2004; Chung, et. al., 2010). Most of these studies 
provided a consensus view that the protein folds in a two-state manner. 
 
In the course of our characterization of the folding of GB1, we noted that this 
protein, when challenged over a wide range of denaturant concentrations, 
appeared to display a previously undetected complex behavior (namely a 
‘roll-over’ effect, highlighted in Figure 4.3). Because this roll-over effect was 
inconsistent with a simple two-state behavior (as discussed in the 
Introduction), we decided to study the folding pathway of GB1 under a 
variety of different experimental conditions, i.e. carrying out equilibrium and 
kinetic experiments over a wide range of pH values (from 2.0 to 9.6). 
The existence of an intermediate in the folding of GB1 was previously 
proposed by Roder and coworkers (Park, et. al., 1997; Park, et. al., 1999), 
who suggested the presence of a collapsed state, accumulating in the ms time-
range, as observed by continuous-flow ultra rapid mixing experiments. This 
low-energy intermediate was later questioned by Sosnick and co-workers 
(Krantz, et. al., 2002). Importantly, however, the partially folded state 
identified in this work, is distinct from that previously suggested, being a 
high energy species that never accumulates and whose presence suggests that 
GB1 folds via a complex and rough energy barrier with at least two discrete 
major transition states. 
When folding is characterized by a complex chevron plot, the deviation from 
linearity observed may have different origins: i) the curvature may be due to 
movement of the position of the transition state along a single broad barrier 
(Oliveberg 1998; Oliveberg, et. al., 1998) or ii) the curvature may reflect a 
change in the rate-limiting step suggestive of a multi-state process 
(Bachmann and Kiefhaber 2001; Sauder J.M. 1996; Walkenhorst, et. al., 
1997). In the case of GB1, the curved chevron plots are observed only above 
pH 6 (Figure 4.2), making the broad transition state model less likely since it 
would imply that it is possible i) to distort drastically the folding free-energy 
profile and ii) to switch between a narrow energy maximum (linear chevron 
plot) to a broad energy maximum (curved chevron plot) by changing pH. 
Furthermore, in analogy to what has been observed previously for other 
proteins (Bachmann and Kiefhaber 2001; Gianni, et. al., 2009; Gianni, et. al., 
2005), detection of a roll-over effect only under some solvent conditions 
seems more consistent with a multi-step folding pathway. The observed 
chevron plots of GB1, obtained at different pH conditions, were fitted 
globally. The excellent statistical parameters of the global fit suggest that the 
two transition states are relatively robust and maintain their overall structural 
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features when solvent conditions are varied. This observation is in stark 
contrast with previous experimental work, which suggested the unfolding m-
value to depend strongly on experimental conditions (McCallister, et. al., 
2000; Park, et. al., 1997; Park, et. al., 1999). We conclude that both transition 
states TS1 and TS2 display a robust structure that is by-and-large maintained 
when solvent and/or sequence composition is altered. 
It is of interest to analyze the dependence of the unfolding rate constants 
measured for the two transition states at different pH values. In fact, both 
energy barriers appear to display a monotonic transition at acidic and alkaline 
pH values. Both profiles are consistent with a model involving the 
protonation of two different groups with apparent pKa of ~ 4 and ~ 8 (Figure 
4.4). While the alkaline transition displays approximately the same change in 
activation free energy for both TS1 and TS2, the acidic transition is more 
pronounced in TS1, suggesting the presence of a charged interaction that is 
weak or not formed in TS1 and is consolidated in TS2. Inspection of the 
three-dimensional structure of GB1 suggests that such an interaction may be 
either Lys4-Glu15 (located at the N-terminal $-hairpin) or Lys10-Glu56 
(between the N-terminal turn and the C-terminus of the protein). These 
considerations led to the idea that the structures of the transition states appear 
robust to changes in pH and may be characterized by an extended nucleus, 
which is stabilized by both the N- and C-terminal beta-hairpins, as well as by 
contacts between the N- and C-terminal strands. 
 
5.2 Comparing the folding pathway of the GA and GB variants at 
nearly atomic resolution: !-value analyses. 
 
The real goal in protein folding studies is to unveil the correlation between 
sequence information and reaction mechanisms. A classical approach to 
address this question has been to study proteins that differ in amino acid 
sequence but share the same fold (Calosci et. al., 2008; Chi et. al., 2007; 
Clarke et. al., 1999; Friel et. al., 2003; Travaglini-Allocatelli et. al., 2004). 
On the other hand the design and production of proteins sharing high 
sequence identity, yet displaying a different structure and function, allows for 
the first time to approach the folding problem from a complementary 
perspective (Alexander et. al., 2007; Alexander et. al., 2009; Parker et. al., 
1995). In this work, we have characterized the complete folding pathway of 
heteromorphic proteins originating from two domains of streptococcal 
protein G being either fully #-helical (called GA) or largely $ (called GB). An 
extensive "-value analysis of GA protein variants (GA30, GA77, and GA88) 
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and of GB protein variants (GB30, GB77 and GB88) generates a “matrix” of 
proteins, which share the same topology (the two rows of Figure 5.1) and 
display increasingly high sequence identities while keeping a different 
structure. 
When does a protein commit to its native topology in its folding pathway? In 
the present work, by systematically describing the structural features of the 
folding transition states of GA30, GA77, GA88, as well as of GB30, GB77 and 
GB88, we have taken our comparative study on heteromorphic pairs to the 
next level of complexity addressing by "-value analysis the structure of the 
transition states. Remarkably, the structural distribution of the measured "-
values in all these variants is reminiscent of what has been previously 
observed in many single domain proteins, with a weak nucleus displaying 
moderately high values of " (> 0.7), and simultaneous formation of native-
like extended structure, which gradually tapers off from the nucleus to other 
regions of the protein (Abkevich et. al., 1994; Itzhaki et. al., 1995). 
Accordingly, the transition states of all the proteins considered here appear to 
resemble a distorted version of the corresponding native states, with some 
polarization of structure at the N- or C-terminal $-hairpins in the case of 
GB30 and GB88 respectively. Indeed, despite the very high level of sequence 
identities, when comparing the folding of each heteromorphic pairs, no 
common intermediate was detected suggesting that they fold via completely 
independent paths. Overall, all these findings converge in indicating that 
proteins commit very early to their topology and the structural features 
leading to their native state are, most likely, already imprinted in their 
denatured states.  
A crude but reliable method to compare the folding pathways of these 
different proteins is to analyze the structural distribution of measured "-
values. From this perspective, data indicate that, whilst in the case of GA the 
mechanism appears rather robust to divergence in primary structure, in the 
case of GB, folding is more malleable. In fact, when mapped onto the 
corresponding native structures (Figures 4.10), the "-values reveal a 
conserved transition state among all the three GA variants (GA30, GA77, 
GA88); on the other hand, GB30 and GB88 clearly display a shift of the 
medium-high "-values from the first $-hairpin to the second, with GB77 
displaying an intermediate outlook (Figure 4.15). This finding may be seen in 
the light of the proposal that the number of accessible pathways for folding is 
determined by the different nucleation motifs contained within a given native 
topology (Lindberg and Oliveberg 2007). For example, the structure of 
ribosomal protein S6 seems to be composed of two different nucleation 
patterns acting as independent cooperative units, each of which constitutes a 
Chapter 5: Discussion 
 
87 
separate entry to parallel folding trajectories (Haglund et. al., 2008). 
Accordingly, it may be suggested that in the case of GB, the symmetrical 
organization of its three-dimensional topology implies the presence of 
multiple nucleation motifs that permit alternative folding pathways. 
For our purposes, it would be revealing to understand which structural 
determinants preclude the sequence of the GA proteins to adopt the structure 
of GB and vice versa. Recent molecular dynamics simulations on GA88 and 
GB88 suggested the long and stable helix in the central region of the sequence 
of GB88 preventing the polypeptide chain to form the loop connecting helix 1 
and helix 2 in GA88 and thus to fold into a fully helical structure (Morrone et. 
al., 2011). This finding is further corroborated by the high helical propensity 
of the only #-helix of all the GB proteins as predicted by AGADIR (Munoz 
and Serrano, 1997), when compared to the GA counterparts. By following this 
view, it is interesting to note that structure selection in the GA proteins seems 
to be initiated by the formation of the critical contacts between helix 1 and 
helix 2 (Figure 4.10). In the case of the GB proteins, on the other hand, the "-
value analysis reported in this work, together with the previously published 
molecular dynamics simulations, suggests a scenario whereby folding is 
guided by the alternative docking of the N- or C-terminal hairpins on the 
central long helix, that might be (partially) pre-formed in the denatured state.  
Although the protein folding reaction involves the formation and breakage of 
a myriad of contacts, a typical feature of small single domain proteins is the 
ability to fold co-operatively (Bryngelson et. al., 1995; Fersht 1995, Munoz 
et. al., 1997). Many weak non-covalent bonds form simultaneously and, very 
often, only the fully native and fully denatured states may be experimentally 
detected. Yet, because co-operativity is never extreme, not all residues are 
equally important for folding and one or more regions of the protein tend to 
display a selective propensity to fold independently (Fersht 1995, Munoz et. 
al., 1997). These sub-domains initiate the folding reaction and act as folding 
nuclei. Accordingly, when co-operativity decreases, the energetic coupling 
for folding of different regions of the same protein is also decreased, i.e. 
different regions of the protein may fold independently and folding may 
become modular. In this perspective, it is of interest to compare the different 
robustness of the folding mechanisms for the GA and GB proteins. In fact, 
while GA, a two-state system, appears to display a unique nucleus, in the case 
of GB, where the tendency to populate folding intermediates is documented, 
alternative nuclei are present and folding is more sensitive to changes in 
sequence composition. Overall, our data reveal that pathway malleability is 
determined by the presence of multiple nuclei; the segregation of such nuclei 
results in stabilization of folding intermediates, whereas ‘perfect’ two-state 
Chapter 5: Discussion 
 
88 
systems are characterized by a unique diffused nucleus and, therefore, by a 
robust folding pathway. 
 
5.3 Folding and Binding characterization of KIX and its 
interacting partner c-Myb, an IDP: 
 
5.3.1 KIX is a two state folder: 
 
The KIX domain of CBP has been reported to fold through an early 
intermediate based on two classical observations: significant burst-phase 
amplitudes and rollover in the folding limb of the chevron plot (Horng et. al., 
2005). In carrying out a detailed chevron plot analysis by the combination of 
stopped- and continuous-flow experiments, both in the presence and absence 
of the stabilizing agent sodium sulphate (0.4M), we did not detect the 
previously observed signatures for such a species. Even if there are several 
examples in the literature of burst-phase intermediates in fast folding protein 
domains (Qi et. al., 1998; Shastry et. al., 1998; Ferguson et. al., 1999; Jemth 
et. al., 2004), this effect must be interpreted with caution. Roll-over effect 
and burst phase, in fact, may have alternative explanations and additional 
experimental tests are required in establishing when folding rate constants 
deviate from two-state behavior and a folding intermediate truly exists. In 
some systems, for example, the roll-over behavior can be attributed to protein 
aggregation (Silow and Oliveberg, 1999), movement of the transition state 
towards the unfolded state (Otzen et. al., 1999) or inadequate pH control 
upon buffer dilution.  Another explanation to the deviation from the linearity 
in a chevron plot, obtained by using the stopped flow methodology, is related 
to a dead-time artifact. The saturation of the apparent rate constants, when 
they are on the order of the instrumental dead-time, may lead to an 
underestimation of the folding rate and extrapolation produces a missing 
burst phase amplitude even when one does not actually exist. In this case, 
ultrafast mixing experiments performed by continuous flow, which can 
monitor reactions on the microsecond time scale, may overcome this kind of 
limitations. The continuous flow methodology has been largely used to 
monitor the formation of intermediate states directly (Park et. al., 1999; 
Shastry et. al., 1998) here, on the contrary, this technique allowed us to 
disprove the existence of a folding intermediate, previously detected. By 
integrating stopped- and continuous-flow mixing experiments, in fact, we 
obtained a completely linear chevron plot, typically diagnostic of a simple 
two-state folding model. This behavior indicates that the burst phase in the 
amplitude analysis observed previously was due to an underestimation of the 
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observed rate constants because a large fraction of the folding reaction was 
lost in the dead-time of the instrument and could not be observed. 
 
5.3.2 Folding and Binding characterization of Intrinsically 
disordered protein c-Myb to its binding partner KIX:  
 
The mechanism of recognition between IDPs and their physiological partners 
is, in theory, a complex reaction that involves (i) the productive encounter 
between the two partners, (ii) the folding of the IDP system and (iii) the 
locking of key stabilizing interactions (Dunker et. al., 2008; Dyson et. al., 
2002; Tompa, 2011; Uversky et. al., 2010; Wright and Dyson, 1999). Despite 
the frequent occurrence of disorder in the proteome, its role is still shrouded 
in mystery, and even the order of these three key events in a folding-and-
binding reaction is still unclear (Kiefhaber et. al., 2012). Hagen and co-
workers recently provided a complete characterization of the binding kinetics 
of the IDP protein IA3 to the yeast aspartic proteinase A (Narayanan et. al., 
2008). It was found that IA3 binds in a disordered conformation, with a 
recognition event that precedes folding. On the other hand, Onitsuka et. al., 
investigated the folding and binding reaction of disordered mutants of 
staphylococcal nuclease, which fold upon ligand binding (Onitsuka et. al., 
2008). Interestingly, different variants seemed to follow either the folding-
after-binding or the folding-before-binding mechanism, suggesting that the 
energetic partitioning between the different paths shown in Scheme 1 may be 
fine tuned via mutagenesis, as implicit in a squared model.  
In a seminal work, Wright and co-workers described the structural features of 
the interaction between the KIX domain and the IDP system pKID (Sugase 
et. al, 2008). Remarkably, by equilibrium NMR, it was found that partially 
folded species of pKID may bind to KIX, suggesting that, also in this case, 
the most plausible mechanism of IDP recognition implies a binding event 
preceding folding. Their equilibrium methodology, however, while providing 
the finest structural details of the interaction, could not unequivocally 
establish whether the operative recognition mechanism was a folding-after-
binding rather than a folding-before-binding, a task that demands kinetic 
experiments. Identification of an intermediate by equilibrium measurements 
is not diagnostic on its role in the reaction mechanism, since it may be either 
on- or off- the productive pathway (Fersht Book 1999).  
We present hereby an extensive kinetic characterization of the recognition 
reaction between KIX and c-Myb. Despite the inherent complexity of binding 
induced folding, it appears that, under all conditions explored, folding and 
binding are coupled and highly co-operative. Indeed no transient 
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intermediates could be detected by fluorescence spectroscopy, the time 
course of the T-jump induced relaxation being described by a single 
exponential and likewise the dissociation time course obtained by 
displacement was, under all conditions, consistent with a single exponential 
process. A comparison between the data recorded in the presence and in the 
absence of TFE, which stabilizes the helical conformation of c-Myb, sheds 
light on the order of events in the ligand induced folding. In fact, because 
TFE affects only the dissociation rate constants, without influence on the 
association rate constant, it may be concluded that in the rate limiting step c-
Myb is essentially unstructured. Therefore, binding precedes folding. 
It is of interest to analyze the pH dependence of the observed association and 
dissociation rate constants reported in Figure 4.3.9. In fact, both rate 
constants displayed a sigmoidal dependence on pH, each one being consistent 
with the titration a single group with pKa of 4.2 and 7.6 respectively.  
This finding would suggest the mechanism of recognition between KIX and 
different IDPs to show some conserved features. Future work based on "-
value analysis will shed light on the atomistic details of the folding and 
binding reactions involved in the recognition and complex formation between 
KIX and its different IDP partners. 
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